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PREFACE. 


Save to a minute extent the present volume, unlike the two pre- 
ceding it, has not had the advantage of appearing in a preliminary 
form under the auspices of the Royal Society of Edinburgh. This 
change of procedure has in no wise been due to a falling off in good 
will on the part of the Society, to whose helping and encouraging 
hand I am lastingly indebted, but to the widespread untoward 
circumstances of the years 1914-18. On the other hand, the delay 
brought about by the same cause has made repeated revision 
possible, so that there has been practically an equal opportunity 
for securing that fullness and accuracy of treatment which have 
been aimed at from the outset. 

The bibliographical groundwork is of course still the five ‘ Lists 
of Writings’ previously referred to. A sixth that was published 
in 1916, * containing the results of a final gleaning, has also been 
fully taken advantage of. 

During the period dealt with there has been a still further increase 
in the number of specialized determinant forms, and of these there 
has been a proportionate number that have attracted a considerable 
amount of general attention. Forms of the latter character have 
each been given separate consideration, and as a consequence the 
number of chapters in the volume has suffered a corresponding 
increase. By this course the inevitable scrappiness of a chrono- 
logically arranged report of isolated papers is somewhat diminished, 


* Quart. Journ. of Math., xlvii. pp. 344-384. 
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an improvement in readableness is secured, and the book made more 
readily useful as a work of reference. It is hoped, for example, 
that the specialist in skew determinants who takes up in succession 
the fourteenth, ninth, tenth chapters of volumes I., II., III. respec- 
tively, will find a fairly connected and interesting account of the 
development of his particular branch of the subject, and also that 
the general student will obtain with increased ease any information 
he may desire on some single point of passing interest to him. 

The fourth volume, bringing the record up to the end of the 
nineteenth century, is nearly complete in manuscript. My hope 
is to complete it and to include in it a detailed index to the 
whole work. 


RonprEsoscH, SoutH AFRICA, 
23rd June, 1918. 
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CHAPTER I. 


DETERMINANTS IN GENERAL, FROM 1860 TO 1880. 


THE number of writings to be considered under this heading amounts 
to about one hundred and eighty (180), and the number of writers 
to about one hundred and twenty (120), these being almost three 
times the corresponding numbers for the twenty-year period 
immediately preceding. A striking new feature is the large pro- 
portion of text-books,—more than a third—there being over sixty 
(60) of them dealing with determinants alone and several others 
in which the subject forms an important part. It is also note- 
worthy that for the first time text-books and other expositions 
of a really elementary character make their appearance, Germany 
becoming especially productive from the time that the subject 
began to be introduced into her higher schools. As a further 
evidence of this increase of interest attention may be called to the 
fact that, besides the usual number of works in English, French, 
German and Italian, we have now not only as before three or four 
publications in Russian, but also contributions in eight of the less 
widely spread languages of Kurope,—Czech, Polish, Dutch, etc. 


TERQUEM, O. (1860). 


[Origine premiére des déterminants. Nouv. Annales de Math., 
xix. bulletin de bibliogr. . . . pp. 27-33.] 

Attention is here drawn to the work of Leibnitz as disclosed in 
1850 by the publication of the second volume of the first Abtheilung 
of his Mathematische Schriften (see Hist., i. pp. 6-10). In France 
and elsewhere determinants were still viewed as having originated 
with Cramer. 


2 HISTORY OF THE THEORY OF DETERMINANTS 


CAYLEY, A. (1860). 


[Recent terminology in mathematics. English Encyclopaedia, v. 
pp. 534-542 ; or Collected Math. Papers, iv. pp. 594-608. ] 


The terms here explained are those connected with what we have 
seen called by Sylvester (1852) the Calculus of Forms and by 
Salmon (1859) Modern Higher Algebra. The list includes about 
two dozen, but some of them, like determinant, quantic, invariant, 
include quite a number of subordinates. 

It recalls the ‘Glossary’ given by Sylvester at the end of his 
memoir on Syzygetic Relations (1853). 


ISANDER, F. (1860): OLIVER, J. E. (1860): BALTZER, R. (1861) : 
FERRERS, N. M. (1861): TODHUNTER, I. (1861) : 
TAIT, P. G. (1861). 


[Inledning till determinant-theorien. Dissert. 23 pp. Upsala. ] 
[A treatise on determinants. Chap. i. Introductory. Runkle’s 
Math. Monthly, iii. pp. 86-90. ] 

[Théorie et applications des déterminants, avec Vindication des 
sources originelles. Traduit de l’allemand par J. Houel. 
xii +235 pp. Paris.] 

[An elementary treatise on Trilinear Coordinates. . . . (see pp. 
58-71), xii+154 pp., Cambridge. Second edition, 1866 (see 
pp. 59-72, 170, 177), xiv+-182 pp. London.] 

[An elementary treatise on the Theory of Equations (see pp. 220— 
258), vilit279 pp., London. Second edition, 1867 (see pp. 
256-297). vilit+318 pp. London.] 

[On determinants. A chapter of elementary Algebra. O. C. and 

D. Messenger of Math., i. pp. 25-87.) 


The appearance of these six different expositions in the space 
of two years proves the increased interest which had come to be 
taken in the subject. Isander’s is a carefully written introduction 
based on Cauchy’s memoir of 1812. Oliver’s is a mere fragment. 
Houel’s Baltzer is nothing more than a close translation of the 
original. Ferrers’ is a short chapter simply and clearly written 
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for beginners. Todhunter’s plan and style are quite similar to 
Ferrers’, and his three chapters are therefore still more helpful. 
Tait’s also resembles Ferrers’, and is of the same extent. 


STOCKWELL, J. N. (1860, July). 


[On the resolution of symmetrical equations with indeterminate 
coefficients. (Gould’s) Astron. Journ., vi. pp. 145-149.] 


Stockwell’s subject being the equation of the secular inequalities, 
he opens with a very short account of determinants. His mode 
of writing the final expansion of |00-11-22], |00-11-22-33|, .... is 
that which would be reached by using Cauchy’s rule of 1841; for 
example, 

|00-11-22| 
= 00-11-22 — 21-12-00 — 20-02-11 — 10-01-22 + 21-10-02 + 20-01-12. 


In specifying the number of terms of each type in the expansion, 
he gives for the number of terms in a zero-axial determinant of 


the 3°47, 4, 5%, . .. . orders the expressions : 
1:3—1, 
(1:3—1) 441, 


(84) 461 51, 


CAYLEY, A. (1860, December). 


[Note on the theory of determinants. Philos. Magazine, (4), xxi. 
pp. 180-185 ; or Collected Math. Papers, v. pp. 45-49.] 


Cayley’s ‘mode of arrangement of the developed expression of 
a determinant ’ is in its result the same as Stockwell’s, and is not 
therefore essentially different from Cauchy’s of the year 1841 ; 
as written, however, his development is more compendious than 
Cauchy’s, and deserves attention. For all three it is necessary that 
the elements of the determinant be specified by their row and 
column numbers. 

He denotes 

pee 2a een lee -33-01) gal o3 2°21, ey), 


by LTyeea|2 | Seton. saeen | 12) {123}, (132 peahtese 5 
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and, when by reason of multiplication two of the upright limes 
come together, he leaves one out, writing for example 
j12)2|123| for |12|-|2|-|123). 
The developments of >(+ 11-22), 2(+11-22°33), ..-; he then writes 
+ |1|2| + |1|2|3| + |1|2|3|4| 


1a}, —[b2is} 9 — | 213/4I 
+]123|, +1 23/4 
4|1 2/3 4[ 

eT AL 


the sign in any case being determined by taking — 1 as a factor 
for every compartment containing an even number of umbrae. 
He omits to note, however, that he also intends a sign of summa- 
tion. > say, to be prefixed mentally in each case : for example, 
— |12|3|4| should be — >|12|3|41, 
as it stands for the six-termed aggregate 
— 1921-33-44 — 18:31-22-44 — ..- — 34-43-11-22. 

We may remark that in the notation of his paper of the year 
before (Hist., il. pp- 469-470)—a paper of which this is a natural 
extension—Cayley would have given for the next case the ex- 
pression 

11 22 33 44.55 — D12 21-33 44 55 + ©12 23 31-44 55 
4. D12 21-34 43-55 — E12 23 34 41-55 — D12 23 31-45 54 
+ D12 23 34 45 51: 
whereas he now gives 
12131415] 
— D1 2|3|4|5| 
+ Z|1 2 3|4|5| 
+ D1 2|3 4|5| 
— D|1 23 4|5| 
— D1 2 3/4 5| 
+ D|123 45], 
which, besides its compactness, has the advantage of bringing into 
evidence the part played in the matter by the partitions of the 
order-number of the determinant. 

Further, there should be noted the difference between this and 

the same author’s development of the year 1847 (Hist., 1. p. 42). 
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The two agree as far as the third line only: the fourth and fifth 
lines above are combined into one in the earlier development, the 
cofactor of |5| appearing there as a zero-axial determinant ; and a 
similar substitute appears for the aggregate of the sixth and seventh 
lines. 


SMITH, H. J. S. (1861). 


[On systems of linear indeterminate equations and congruences. 
Transac. R. Soc. London, cli. pp. 293-326 ; or Collected Math. 
Papers, i. pp. 367-409. ] 

As the equations dealt with are for solution in integral numbers, 
the subject of this memoir belongs strictly to the Theory of Integers. 
There are, however, several points of contact with Determinants, 
just as in the case of previous papers of the same kind by Hermite 
(1849), Bazin (1854), Heger (1856). 

Thus, he resuscitates Cayley’s row-by-column multiplication of 
an n-line determinant by an array of » rows and n+/ columns 
(1843, Hist., ii. p. 16), using, for example, the statement 


a a, || CURE CS OE 3 le Lg ty Uy 
b, b,| || dy dy dy dy || IIE PE EE 
to stand for six equalities of the type 
| %b,|*|ed2| = | tye|. 


In this connection, too, he draws attention to a necessary dis- 
tinction by saying that |a,6,| is here postmultiplied* by | cd, |, 
and that | ¢,d,| is premultiplied by | a,b, |. 

The main subject of the memoir was continued in three papers 
published under the conjoint title “ Arithmetical Notes” in the 
Proceed. London Math. Soc., iv. (1873), pp. 236-253. 


*In Cayley’s other theorem of 1843 the determinant is premultiplied by an 
array, for example, 


Cy Cy C3 Cy |] | Ae As Ag] _ 1 fb fs & 
[| dy dy ds dy |) | Hy Me Mp Ma | || a 3M 
Vy Vo Vz M4 
fae [Py [ey 1a 
which stands for six equalities of the type 
egy || > [| esll = | Snel, 


the two factors on the left being now, not determinants, but 2-by-4 arrays. 
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ZANNOTTI, M. (1861). 


[Elementi della Scienza del Calculo. 2% Parte, Elementi di Algebra. 
x+570 pp. Napoli.] 

The Third Section of the First Book, extending to 120 pages, 
is headed, ‘Teorica dei Determinanti.’ It is professedly due to 
Trudi, and, so far as it goes, does not differ materially from Trudi’s 
text-book of the following year. 


JORDAN, C. (1861). 


[Mémoire sur le nombre des valeurs des fonctions, Journ. de Ee. 
Polyt., xxii. cah. 38, pp. 113-194. ] 


The title here is similar to that of the memoir which Cauchy * 
wrote as an introduction to his great monograph of 1812 on deter- 
minants (Hist., i. pp. 93-94). The writer’s purpose, however, is 
quite different, his subjects being substitutions, matrices (not so 
called), and groups. The nearest approach to the field of deter- 
minants is in the fifth chapter (pp. 179-187, 119), which concerns 
the question of ‘the number of linear substitutions,’ and which 
is occupied with a proof that the number of systems of values of ars 
satisfying the condition 

| Ayn = 0 (mod. p) 
as 
pre) (p-1)(p?-1)..- PY), 
where p is a prime. 


GRASSMANN, H. (1861). 
[Die Ausdehnungslehre. xii + 388 pp. Berlin. ] 


This is not the second part which was promised in 1844, but a 
recast of the whole work. ‘Systems of unite’ like Cauchy’s 
algebraic keys, are now defined ; and sums of multiples of the 


* Besides the important writers referred to by J ordan «we may note Despeyrous, 
more especially as he was about this time also studying another cognate subject, 


namely, permutations. (See Lhouville’s Journal, 2° sér. x. pp. 55-64, vi. pp. 417-439, 
x. pp. 177-202). 
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members of such a system are called ‘extensive Grisse.’ Deter- 
minants are no longer ignored. Larly in the chapter on the ‘ Com- 
binatorial Product’ (chap. iii. pp. 31-107) the ordinary definition 
and the X notation are given; and thereafter the functions are 
repeatedly referred to. They are even found to be needed for the 
statement of theorems in the ‘Ausdehnungslehre’ itself, for 
example, the theorem on the inner product of two magnitudes each 
of the m'" ‘Stufe’ and consisting of m simple factors. On p. 130 
this is expressed in the form 


[abe...|a’b’c’...] = Determ. jae Hee GES. 
[[eja’] [2]0") 
ee [co] 5] 


The solution of a set of simultaneous linear equations which 
formerly came at the end of a chapter on ‘Outer Multiplication ’ 
now occupies a similar position in chapter 1. In this matter, 
too, there is a new procedure which is of considerable interest 
when brought into comparison with the old. Using as multipliers 
with the equations 


AyyLy  Ayyhy + -.. + Anly, = * 
AgyLy + AgeLy +... + ann = dg | 
Ayyly + Anghe +. +++ Annan = On} 
the ‘extensive magnitudes’ @, é,..., @,, whose ‘combinatorial 


product’ is 1, and performing addition, we obtain an equation 
which may be written 


yay + Lote +... + Ina, = B, 
it we put 
ay fOr Ay, + Ago +. .- + Anyen, etc. 
This equation, Grassmann says, takes the place of the given 
equations, and in order to find the value of any one of the 2’s, x 
say, we apply the factor a ag...a, to both sides, and on 
account of the vanishing of [agaza3..- an], [agagag---Gn],... the 


result is 
Ly [aydg Ce an] = [Bacay eee ae |: 


8 HISTORY OF THE THEORY OF DETERMINANTS 


BAEHR, G. F. W. (1861). 


[Propriété des coefficients du bindme et théoréme Sylvester sur les 
déterminants. Nouv. Annales de Math., xx. pp. 417-420. ] 


The theorem in question is Sylvester’s unimportant second lemma 
of 1852, Oct. (Hist., ii. p. 77). 


COINTE, I. L. A. LE (1861). 


[Mémoire sur les déterminants cramériens ou résultants algébriques. 
Annali di Mat., iv. pp. 233-245.] 

This so-called memoir, lengthy and tiresomely precise, ends 
only in a rule like Reiss’ (1829) and Cantor’s (1855) for telling the 
sign of a permutation when the ordinal number of the permutation 
is known. 


PAINVIN, L. (1862). 


[Mémoire sur les tétraédres. Nouv. Annales de Math., (2) i. pp- 
267-286, etc. ] 


The memoir opens with a preliminary theorem in determinants 
(pp. 267-271) which, if stated in the form 


fadjug | aq, |}? = adjug {| an |}, 
would justly be viewed as merely a case of a theorem of Cauchy’s 
of the year 1812 (Hist., 1. p. 121). It must be noted, however, 
that what Painvin establishes is something more important, namely, 


the identity of the two determinants ‘ élément & élément,’ that 
is to say, the identity of their matrices. (Cf. Hist., 11. p. 95.) 


TRUDI, N. (1862). 


[Txor1A DE’ DETERMINANTI, e loro applicazioni. xi+268 pp. 
Napoli. | 

This is a text-book similar in scope to those of Brioschi and 

Baltzer, but intended for less advanced readers. The explanations 

are consequently fuller, the illustrations are more numerous, the 

less simple theorems are broken up for gradual absorption, and to 

deductions that are self-evident are given formal enunciations. 
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The result of course is that considerably more space is occupied. 
The scheme of arrangement resembles Baltzer’s, there being a 
first part devoted to the theory and a second part to the so-called 
applications. Whereas, however, Trudi apportions to the parts 
112 and 156 pages respectively, the like apportionment in Houel’s 
Baltzer is 63 and 172; further, on account of the unequal treat- 
ment of geometry 250 pages of Trudi’s 268 are algebraical as against 
170 of Baltzer’s 235. 

As an instructive illustration of the growing solicitude for the 
reader’s convenience, we may point out that whereas Spottiswoode 
(1851) merely notes that 


vip y Sree Bp 
BO BUSCH CNL 


and Brioschi (1854) with equal brevity extends the property to a 
general n-line determinant, and Baltzer (1857) at little more length 
but with more of a teacher’s skill provides a formal enunciation, 
like Jacobi’s original, and two helpful examples, Trudi on the other 
hand not only prolongs Baltzer’s treatment to half a page, but 
follows this up usefully with a whole page of application to the 
computation of a single arithmetical determinant of the fourth 
order, illustrating in particular how the order is reducible when 
an element of a line is a submultiple of each of the other elements. 
Similarly, instead of the few lines which Spottiswoode and Baltzer 
give to Jacobi’s theorem 


d|a,| = Dans datr,s 


Trudi devotes two pages (pp. 53-55), and is the first to put the 
development in the afterwards familiar form of the sum of m deter- 
minants. 

Save this marked fullness and clearness of explanation there is 
not much fresh to be noted so far as general determinants are 
concerned. A number of additional expressions of more or less 
importance are by definition given a special sense for the sake of 
definiteness or convenience ; for example (p. 9), ‘matrici simili,’ 
‘linee omologhe,’ etc., and (p. 17) ‘caratteristica,’ which is used 
in connection with a minor to denote the sign-index, that is to say 
the integer vy where the sign-factor of the mimor is (~1)’. In the 
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most prominent definition of all, namely, that of a determinant, he 
is the first to take both row-numbers and column-numbers into 
account in fixing the sign of a term, his words being (p. 12), “ dando 
ad ogni prodotto il + 0 il —, secondoché le due correspondenti 
permutazioni di orizzontali e di verticali sono di una stessa classe, 
o di classe diversa ; 0 in altri termini, secondoché il numero totale 
delle loro inversioni é pari o impari.” A result which he reaches 
when dealing with ‘ inversions ° is also worth noting, namely, 
If any permutation of 1, 2, 3,.-.,% be divided into any two parts, 
thus, 
Gy, Ago - +29 Oias (Omri gh ayeny OO gs 

and p+q+r be the number of inverted pairs in tt, p being the number 
in the first part, q the number in the second, and r the number which 
the individuals of the first part make with those of the second, then 


t= (aves) lire? ct gata cee 
= Sa — #m(m+1). 
When, however, we get beyond the section on skew determinants 
(p. 94), we come on matter that is worthy of closer attention, 


the subject most conspicuous for fresh treatment being that dealt 
with by us under the heading Bigradients. 


BATTAGLINI, G. (1862, 1871). 


{Nota sui determinanti. Rendic. dell’ Accad.... Napoli, i. pp. 
101-112; or Giornale di Mat., ix. pp. 136-144.) 


The problem here attempted to be solved is the finding of an 
m-line determinant equal to the sum of the m-line minors of an 
n-line determinant. The results being burdened with exceptions 
are a little disappomting. One is that if 


Ors = ys ae Ay s+n—m i Ay +n—m,s 4° Cy 4n—m,s+n—m 


then | ayo «> oO men | 18 equal to the sum of all the m-line minors 
of | a,,| excepting those whose complementaries contain two row- 
numbers or two column-numbers which are congruent with respect 
to n—™m. 

We may note for ourselves that the important case of this where 
m = n—1and where there are no exceptions is readily deduced from 
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the theorem suggested by Routh (1864). Thus, the sum of the 

signed primary minors of | a,b,c,d,| being known to be 

Fagor ea 

| 1 a, a Gg a, | 

plead. ba. 6, Ur | 

bet Cy Cy Cg Cy | 

‘1 d, d@ ds d |, 

we would only have to perform the operations 
col,—col;, cols—col,, col,—col;, 
TOW,—TOW3, TOWs—TOW,4, LOW,—TOWs, 

to obtain 


Ay—A,— 0, +b, d_—G3—b,+b; ag— ay— 5+ by 
b, — b,— —¢,-+ C2 b.— b3— Cy+ Cs bs;— by— Cy + Cq 
Cy — Cg d, +d, Co— C3 —d.+d, Co C,—d,+d, > 


which is Battaglini’s form. It may also be pointed out that the 
elements in the latter form are three-line minors of the former. 


SMITH, H. J. 8. (1862). 


[Report on the theory of numbers. Part IV. Report... . British 
Assoc. ... xxx. (Cambridge), pp. 503-526; or Collected 
Math. Papers, i. p. 229.] 


In $105, p. 504, Smith denotes a determinant, whose elements 
are double-suffixed, by placing between two upright lines a single 
element with variable suffixes, and then appending an indication 
of the extent of the variability. For example, the determinant 


Bie OM Yo a) on (OY, OYs OYn | 


Oy Cogan OX), Be, Opmae MOL, 


he writes 


Love 


i = => 1 2 ° . ° ° 
| Bag a 8 » #) »7 


Four years later Kronecker made similar use of | },|. (See 
Crelle’s Journ., |xvii. p. 276.) 
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CATALAN, E. (1863). 


[Une propriété des déterminants. Mém.... Soc. roy. des sct. 
(Lidge), (2) xii. pp. 218-221 ; or Mélanges math., i. pp. 218-221.] 


Taking the set of equations 


I, | docs | + 2 | dCs | '+ 25 | ayb3 | = 9, | 
a |b C5 | + @ | Cs | + 2s | a,b,| = 0, | 
Ly | ByCe | + | @4C: | + a3 | yb, | = | A, by¢5 | 


and comparing the evident solution 
Ly, Lg, Tg = A; — bs, Cs 


with the solution obtained in the ordinary way by means of deter- 
minants, Catalan is able to arrive at results already well-known 
regarding the adjugate. 


MIKELLI, A. (1863). 
[Dei Determinanti. pp. (?). Mantua. | 


SALMON, G. (1863, 1866, 1868). 


[Vorlesungen zur Einfiihrung in die Algebra der linearen Trans- 
formationen. Deutsch bearbeitet von Dr. Wilhelm Fiedler. 
vili+271 pp. Leipzig. | 

[Lessons introductory to the modern higher algebra. 2nd edition. 

vili+296 pp. Dublin.] 

[Legons d’algébre supérieure. Traduit de Vanglais par M. Bazin. 
Augmenté de notes par M. Hermite. xii+ 247 pp. Paris. | 


Fiedler improves the original by giving additional illustrations 
and other matter, the number of ‘lessons’ on determinants being 
increased from three to four. Salmon himself does likewise, but 
increases the number of lessons to six, marking for the first time the 
importance of “the reduction and calculation of determinants,” 
by assigning thereto a separate lesson. Bazin, on the other hand, 
makes considerable curtailments. 

In none of the three does anything really fresh appear in regard 
to the general theory. 
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RUBINI, R. (1863-1867). 
{Elementi di Algebra. 2* ediz. 381 pp. Napoli. 3° ediz. 
iv+295 pp. 1866.] 
{Complementi agli Elementi di Algebra. Napoli, 1863. 2* ediz. 
vili+ 484+ iv. pp. 1867.] 

Rubini was a skilled expositor. The third edition of the ‘ Ele- 
menti,’ a superior text-book, contains in two chapters (vil. pp. 217- 
230, x. pp. 249-292) of nine lessons an excellent account of the 
subject, occupying about twice the space given by Todhunter. In 
the “Complementi’ there are an equally helpful lesson on elimina- 
tion (xxxi. pp. 244-258), a second (xliii. pp. 337-343) on Jacobians 
and Hessians, and other ‘ applications ’ less important. 


ROUTH, E. J. (1864). 


[Note on the invariants of the equation of the second degree. 
Quart. Journ. of Math., vi. pp. 270-278.) 

The carelessly worded statement (p. 273), that “ the determinant 
toyota) | 
ivapo erie ot 
ipekesiiae 1 
doen lac 
is the sum of the minors of all the terms of the determinant 


fg nit mates’ 
irc x | 
ake I 


seems to be the first approximation to a later formulated theorem 
regarding the sum of the signed primary minors of any determinant. 


BALTZER, R. (1864). 
[Theorie und Anwendungen der Determinanten. 2te vermehrte 
Auflage. vi+224 pp. Leipzig. ] 
The enlargement referred to in the title would have amounted 
to about forty pages if the former size of page had been retained, 
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and ten of these would have belonged to the ‘Theorie.’ Only 
a few of the additions, however, are new. 
One of these is Gordan’s mode of verifying the extended multi- 
plication-theorem (§ 4.8, $5.3). This will be fully understood 
from its application to one of the simplest cases, namely, the case 
of the two arrays, 
a a, ds hy hg hg 
b, b, 5, ky, ky ks. 
Putting the left-hand member of the desired identity in the form 
Ah, + Agha + Ah ak, + Agky + asks a A 4 
byhy+ byhy+ beh byky + Doky+ dgks b, by bs 
: : iar 
1 


he transforms this into 


Se Sah ia 
te lee 
=< i, —" he. ee ahs 
a Sg Ree) gle st 


and then uses Laplace’s expansion-theorem to obtain 
|a,bg| [hake | + [arbs|-|Aaks| + | aabs| >| Robe |. 
as Sylvester did in 1852 (Hist., il. pp. 199-200 ; also p. 57). 

A second result worth noting is a contribution of Kronecker’s 
(§ 4.7) to the subject of Sylvester’s ‘ homaloidal law.’ Following 
on Cayley’s work of 1843 (Hist., i. p. 15), Sylvester had asserted 
in 1850 (Hist., ii. p. 51) that by making (n—k+ 1) of the k-line 
minors of an n-line determinant vanish all will vanish. What 
Kronecker now adds is that the (n—k+1)? vanishing minors must 
have a common non-evanescent primary minor ; for example, all the 
four-line minors of | a,b,¢,44¢; | will vanish if 

| a,b.csd4| = 9, | a,b.e,d5| = 9, 
| a,b,cse,| = 9, | a,b,cse5| = 9, 
and [a,b.c5 | =e: 
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It is just worth noting also that in illustration of a well-known 
elementary property which we have spoken of under Trudi (1862), 
there is given (p. 16) the excellent example 

Tee Ne UR 1| AL+AY+As% Ay Ge | 

b, bs bs => x byw+ by + b32 b, bs | 

Cia ce CUT CoY + C3% Cg Ca , 
with its bearing on the question of the solution of a set of simul- 
taneous linear equations. 


BABCZYNSKI (1864-5); ZAJACZKOWSKI, W. (1865-6). 
[O determinantach. (In his lectures on Higher Alg., pp. 289-320.)] 
[O wyznacznikach. (In his lectures on Analyt. Geom., pp. 72-88.)]* 


MEILINK, B. (1865): POKORNY, M. (1865): DOLP, H. (1866). 
[Over de determinanten. Acad. proefschrift. viii+61 pp. Leiden.] 
[Determinanty a vy88{ rovnice. iv+135 pp. V Praze.] 


[Die Determinanten als Gegenstand des- Gymnasialunterrichts, 
Sch. Progr. Giessen. ] 


Meilink’s degree-dissertation is a 60-page exposition influenced 
in parts by Brioschi’s text-book. In Pokorny’s book the section 
(pp. 1-40) devoted to the subject resembles Todhunter’s sketch 
in extent and somewhat also in character. Délp’s school-program 
is of slighter interest. 


HORNER, J. (1865). 
[Notes on determinants. Quart. Journ. of Math., viii. pp. 157-162.) 


Horner’s first result is a slight extension of Chio’s of the year 
1853, and therefore is a companion to Hermite’s lemma of the year 
1849, both of the latter bemg viewable as giving a reduction of a 
determinant to one of the next lower order. Taking | @,;4e2. . - Gnn | 
Horner produces a column of 1’s by dividing the rows in order by 
Gig, oq, -- - ; next he subtracts the p row from each of the others. 
thus obtaining a determinant of the (n—1)” order: then by multi- 


* Neither of these works have I seen. 
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plication he clears each row of fractions ; and finally he adjusts 
his multipliers and divisors. For example, n, p, q being 4, 2303) 
the result is 

a ae 

b, b, b, b, (- 1) | abs | | Aybs | | a,bs| 
bs? -} [qb] | cobs | | C4bs| 

|d,bs| |dyb,| | dabsl |- 


Cy Cy Cg 
d, d, dz dy 


We may note that both Horner’s result and Hermite’s are viewable 
also as a case of the theorem regarding a minor of the second com- 
pound (see under Spottiswoode, 1853, Hist., ti. pp. 201-205). 


ZMURKO, L. (1866). 

[Beitrag zur Theorie des Grossten und Kleinsten der Functionen 
mehrerer Variablen, nebst... Denkschr.... Akad. d. Wiss. 
(Wien), Math.-Nat. Cl., xxvii. (2), pp- 63-82. ] 

This is a curiously belated effort. In $3 (pp. 76-80), which 
is headed ‘ Ueber die Combinatorische Determinante,’ the elemen- 
tary properties of the subject are dealt with as if new, nothing, 
however, but the notation 

(* ar 


Chae, 


being fresh. Two pages (pp. 80-82) are then given to a known 
property of the Wronskian. 


RENSHAW, A. (1866). 


{Identities, their composition and relation to determinants. O. C. 
and D. Messenger of Math., iv. pp. 34-36. ] 


[Easy method of deducing consecutively the permutations of 
the first » integers. O. C. and D. Messenger of Math., iv. 
pp. 36-37.] 


Renshaw obtains the final expansion of a determinant by using 
the recurrent law of formation in the cyclic form adopted by Vander- 
monde and Cayley : both papers are unimportant. 
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DODGSON, C. L. (1866). 


[Condensation of determinants, being a new and a brief method 
for computing their arithme’ical values. Proceed. R. Soc. 
London, xv. pp. 150-155.) 


Dodgson’s condensation-process for the evaluation of determi- 
nants whose elements are arithmetical has a different basis from 
the theorems of Hermite (1849) and Chio (1853). Stated in the 
form of a rule it is : Compute every two-line minor consisting of four 
adjacent elements in the given determinant A, and form with the results 
m order a syuare array B: compute every similar two-line minor 
of B, performing however this time the additional operation of division 
by the particular element of A which entered into the composition of 
the four elements of the minor in question, and form with the quotients 
m order a new array C: thereafter let successive arrays be computed 
m the same way as C until an array is reached with only one element : 
this element is the value of the original determinant. For example, 
the given determinant being 


—-2 -1 -1 —-4 
—-l -—2 -1 —-6 
-1 -1l 2 4 

2 1 —-3 -—8 


the series of derived arrays is 


3 et 2 re ppaeee 2 
—1l —5 8 ai 6, — 8, 
1 a= 4 


and the value required is —8. 

The rule is stated to be dependent on Jacobi’s theorem regarding 
a minor of the adjugate, and is formally proved for determinants 
of the 3" and 4" orders. Care is also taken to show how the diffi- 
culty caused by the appearance of a zero as one of the divisors 
can be obviated, and how the labour of computation may be mini- 
mized when a number of related determinants have to be evaluated, 
as happens in solving a set of simultaneous linear equations. 

We may note for ourselves in passing that by applying the rule 
to a determimant with general elements we may obtain not only 
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the necessary justification for its use but a fuller and better under- 
standing of the whole process. Thus, the given determinant being 


Ges Os 2-Dg bs 
Cy Cg Cg Cy C5 
d, ads ds dy, d; 


@, Gy, Gs Ay a 
Qe & C3 &% a 


a 


the successive derived arrays are 


| ab, | | dgbs | | dgb, lott ab; | | ab oes | | dgbaca | | agbacs l 
| bye | | byes | | b3¢4 | | bas | 
| by Cod | | baC5d 4 | | bsc4d 5 | 
| c,d, | | cod | | cad | | cad | | c,dze | | cydse | | cad ge | 
| dye. | | dees | | eq | | dyes |, ae ue at 
| ab,C3d4 Re 4 Ayb,C4d5 | 
| by Co 3€4 | | byCo ses £ | Mabrtst aes I. 


In this way we see that the determmants of the intermediate 
arrays are not equivalents of the given determinant : indeed, if 
the given determinant be of the n‘™ degree in the elements, the 
second is of the degree (n—1)2, the third of the degree (n—2)3, 
the fourth of the degree (n—3)4, and so on by a rise and a sub- 
sequent fall until the degree 1-n is reached. 


TAIT, P. G. (1866): MARTIN, H. (1867). 
[Note on determinants of the third order. Proceed. R. Soc. Edin- 
burgh, vi. pp. 59-61.) 


[Note on Professor Tait’s ‘quaternion path’ to determinants of 
the third order. Proceed. R. Soc. Edinburgh, vi. pp. 121-125.] 


As the scalar portion of the product of three vectors 
iatjyt+ke, ia’ +gy'+ he, ta" +gy"+ ke" 
is the negative of the determinant 


wo Ys oe 
xv , y zi! 
a” yf” 2" ; 


it is natural that workers with quaternions should have properties 
of three-line determinants suggested to them. Tait draws attention 
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to this, and having given half-a-dozen instances is followed by 
Martin seeking to show how they can be dealt with by means of the 
ordinary laws of determinants. 
The only property of the six that has an appearance of freshness 
is one which resembles Catalan’s of the year 1846 (Hist., ii. p. 38). 
We may formulate it for ourselves as follows: I if from any n-line 
determinant A we form another A’ such that the xv” row of A’ ts the 
sum of all the rows of A except the r, then 
A’ = (—1)""(n—1)A. 
For example, 


ae! ay! y +y’ pe Dea 2x y 2 
x +o y+y GH dlasgy — DY) gq’ y’ 2! 
2x +7’ y -t- y" 2 db 2! | oo” y" gl 


As Martin points out, this is readily established by performing 
the operations 


TOW; +row,+ ...+row,, row,+(n—1), 
TOW, — row,, TOW3;— row, sre | +) els 
row, +row,+ .. . +row,. 


SARDI, C. (1867). 


[Nuova dimostrazione del prodotto di due matrici. Giornale di 
Mat., v. pp. 174-177.] 

The proof is not essentially different from Gordan’s as given by 
Baltzer (1864), the steps of procedure being the same but in reverse 
order, and being therefore suitably illustrated by the footnote at 
the end of our account of Sylvester’s paper of 1852, Dec. (Hist., 
li. p. 200). Sardi’s has more appearance of being the result of a 
suggestion from the equatement of the two denominators in 
Spottiswoode’s proof of 1851. 


HANKEL, H. (1867). 

[Vorlesungen iiber die complexen Zahlen und ihre Functionen. 

I. Theil, Theorie der complexen Zahlensysteme. xii+196 pp. 
Leipzig. | 

What concerns us here is the first five pages (pp. 119-124) of 

the seventh chapter. They recall vividly Cauchy’s memoir of 
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twenty years earlier on ° algebraic keys’ (Hist., ii. pp. 43-46) 
and the relative portions of Grassmann’s work of 1861. 

The ‘alternating units’ %, %, - + +> i, being such that 

Ug = — tly, Vly = 0, 
‘ alternating numbers’ are defined as sums of multiples of 
u, tes aa 8 tne 
Taking the product of two such numbers, n being made 4 for 
shortness’ sake, we readily see that 
(Gxt + Mato + Agt3+ gig) (Dyty + Byte + byt + byt) 

= |a,b,|tyte+ |a,b3| tg | db, | tat | d2b3| %9¢3+ |dpb4| %ta+ | asby|ts¢a, 
whence it follows that if the two numbers be denoted by a, 6, we 


have 
aB = —8Ba, aa=0; 


in other words, that alternating numbers obey the same multipli- 
cation-laws as the units on which they are based. Multiplying 
the product by a third number 


Qht Cola + Calg + Cabas or Y> say, 


we have 
aBy = | @,byC5 | tytat + | ay boC4 | ty2a + | ay b3Cq | t23%a + | gb3C, | ta? ta. 
Similarly 
aByd = | ay beey44 | trots, 
and 
aByce = 9. 


The penultimate result is the basis of the proposition that a 
general determinant of the n” order can by means of alternating numbers 
be resolved into n linear factors,—a proposition from which, as Cauchy 
originally pointed out, all the fundamental properties of determi- 
nants are readily deducible. For example, by reason of the identity 


aB-yd =a + y6, 
we have 
| aybycgdq| = |ayb.|-|esd4| — |a,bg| | eda] + | a,b4| > | cod | 
+ |dgbs|-|qdal — | ayb4| + | cds| 


+ |a3b,| + |edel , 
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thus showing how Laplace’s expansion-theorem in all its generality 
may be obtained. 

In a historical note (p. 140) Hankel makes definite reference to 
Grassmann and Cauchy, although perhaps too sparingly in the 
case of the latter. 


NATANI, L. (1867). 


[Substitution, lineare. Hoffmann’s Math. Wérterbuch, vi. 
pp. 605-685. ] 


The subjects dealt with in this concise article correspond closely 
with those of such a book as Salmon’s Modern Higher Algebra, and 
about 30 pages of it (pp. 606-637) strictly concern determinants, 
all the results given being carefully formulated. 


REISS, M. (1867). 
[Beitrage zur Theorie der Determinanten. viii+113 pp. Leipzig. | 


It is only the first section of this long and important memoir 
that comes up here for consideration. As its title ‘ Ueber erweiterte 
Determinanten ’ implies, it concerns theorems of the kind known 
at a later date as ‘extensionals’ and exemplified in the writings 
of Desnanot (1819), Schweins (1825), Reiss himself (1839), and 
others. 

In the matter of notation Reiss is no longer peculiar. His 
symbolism for a determinant is now professedly the same as 
Sylvester’s, and his mode of specifying a sum of products of pairs 
of determinants is not far removed from that of Schweins. A 
closer imitation of the latter,—whom, by the way, he never mentions, 
—would not have been a disadvantage: and instead of Sylvester 
he might more appropriately have mentioned Desnanot for the 
additional reason just given. Thus, the expansion of a five-line 
determinant in terms of the minors formed from the 2"! and 4*" rows 
and the minors formed from the 1“, 3" and 5‘ rows is indicated by 


Bi Be 


(1234s) ¥e(9,3)(s,0,8) 


12345 


é : 
ay. 
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where, firstly, ( eal ( Ee) is the typical product of two com- 
plementary minors: secondly, the accessories to the >) imply that 
for B,, B, are to be taken any two integers from 1, 2, 3, 4, 5; and, 
thirdly, the remaining items are connected with the determination 
of sign. 

In the way of new contributions the first point to be noted is 
that, whereas preceding writers had dealt with the ‘ extension ’ 
of only special cases of Laplace’s expansion-theorem, Reiss gave 
the full generalization of the theorem. For example, while Des- 
nanot showed that the identities 


| aybecgdg | = [Presta --| — he | O,Colle «500. |. te 
0 | ab, || @3b4|  — | aybg || Gaby | + | Arba || 420s |, 


could be ‘ extended,’ Reiss affirmed and sought to show that the 
theorem 


l| 


By. +» Bx 
(® Ge i) i ‘(2 Sit mia ser ) 
dg ie Oe yy By carted Cement ta 
Apes + ay 
was a mere preliminary to 
Br- ++ By 


2. On aE sia = > (ee ade i oss Og by ose Om 
= € 
++ On Ty+++Tm Ty+++Tm By acPe. Ty <o Te ARE Mie Ak 


@).+-a, 


and that the like held in regard to all vanishing aggregates of 
products of pairs of determinants. He also takes the further step 
of ‘extending’ that form of Laplace’s expansion-theorem which 
gives (ie A ; : Ay) as an aggregate of products of more than two 
minors, affirming that if the number of minors in each product 
be r the left-hand member of the identity is 


tie leatastal 
@ © ote =) . 
More important, however, is the fact that having set himself to 


inquire what the left-hand member of Laplace’s expansion-theorem 
would become if each first factor in the right-hand member were 


Geeta sis pi 


Gy Ag+++ An Ty -++ Tm 
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‘ S60 : : 
extended’ by e a t he arrives at Schweins’ theorem for 
zZ eee 


™ 


transforming an aggregate of products of pairs of determinants 
into another aggregate of similar kind (Hist., i. pp. 165-172), and 
then advances to the further conclusion that this theorem also can 
be ‘extended.’ Further, he notes that a theorem of Sylvester’s 
in compound determinants (Hist., ii. pp. 60-61) is an instance * 
of ‘extension,’ and that it may be deduced from Jacobi’s 
theorem regarding a minor of the adjugate. Lastly, he gives 
what he calls an application of Sylvester’s and Jacobi’s theorems 
to functions of the form 


d)eeA ala, sora 


where the c’s are determinants, the A’s are coefficients independent 
of the c’s, the e’s are signs, and the function as a whole is, like the 
individual determinants, homogeneous in the elements. Such a 
‘doppelt-homogene Function,’ if it vanishes identically, he finds 
has two interesting properties, namely, (1) it may be ‘extended’ 
and still vanish, (2) the identity will continue to hold if the deter- 
minants be replaced by their coefficients in another determinant 
to which they all belong as minors. It is also carefully noted 
that the same properties belong to the difference of two such 
functions if they be identical. 

It is much to be regretted that these theorems of Reiss’ received 
no attention from his contemporaries. His work is not even 
mentioned by any of the German text-books giving bibliographical 
references, for example, Baltzer’s editions of 1870, 1875, 1881 and 
Giinther’s of 1875, 1877. Had it been otherwise, the generalisations 
known as the Law of Complementary Minors and the Law of 
Extensible Minors would have been formulated much earlier than 
they were. 

The second and third Sections of the memoir (pp. 25-99) deal 
with compound determinants, and the fourth Section (pp. 100-113) 
with geometrical applications. 


* As we have already seen, Bazin’s theorem of 1851 is another instance: also 
Chio’s of 1853; indeed the latter may be viewed as an extreme case of Sylvester’s 
(see Hist., ii. pp. 206-207, 80). 
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DODGSON, C. L. (1867). 


[An EnemenTary TREATISE ON DETERMINANTS, with their 
application to simultaneous linear equations and algebraical 
geometry. viii+143 pp. London.] 


This is a text-book quite unlike all its predecessors. Professedly 
its main aim is logical exactitude. In pursuance thereof all defini- 
tions, conventions, axioms, propositions and corollaries are care- 
fully formulated, labelled and numbered : every step in a train of 
reasoning is kept scrupulously separate from its antecedent and 
consequent, and in order to guard against possible contamination 
of the reasoning illustrative examples are relegated to the footnotes. 
Clearness is also sought to be promoted by the use of more than the 
ordinary variety of printers’ type, and precision by the introduction 
of new terms and symbols. One of the latter, namely, 


r\s, 
which is used for the element in the (r, s)" place, is naturally of 
frequent occurrence. The consequence is that the pages, though 
broad-margined and well-printed, present an unwonted and rather 
bizarre appearance. 

Leaving out twenty-two propositions (chap. vii., vill.) in 
coordinate geometry, we find that there remain forty-eight connected 
with algebra. Of the latter twenty-three (chap. il., iv.) concern 
linear equations, and thirteen (chap. v., vi.) the evanescence of 
‘blocks’ (that is, arrays), leaving only twelve (chap. i., ii.) devoted 
to permutations and determinants. 

The most important chapters are iii., iv., v., Vi, the subjects 
which they concern being treated in more detail than in any previous 
text-book. 

Chapters v. and vi. (pp. 63-75) concern arrays, and are in form 
related to one another as are iii. and iv., which concern equations, 
chap. vi. giving the tests for evanescence of an array just as chap. 
iv. gives the tests for consistency of a set of equations. Chapter v. 
is in two sections, the one dealing with ‘ data resulting in evanes- 
cence,’ and the other with ‘consequences of evanescence.’ We 
shall confine ourselves to one proposition of chap. v. and two of 
chap. vi. For this purpose it must be premised that an ‘ oblong’ 
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array is one of length m and breadth mn, where m > n: and that the 
lines of m elements are called the ‘longitudinals’ and the lines of 
n elements the ‘laterals’ of the array. The propositions,—which 
should be viewed in connection with Kronecker’s of 1864, —are 
(pp. 67, 73-74) : 

(1) Lf one of the k-line minors of an array does not vanish, but 
all the minors of the (k+1)" order which include the said minor 
do vamish, then every other minor of the (k-+-1)" order must vanish 
also. 

(2) If an oblong array have one of its secondary minors non- 
evanescent, a necessary and sufficient test for the array itself being 
evanescent 18 that of its primary minors each one be evanescent that 
contains the said secondary minor. 

(3) A necessary and sufficient test for an array being evanescent is 
that erther every element of it be zero, or that.two or more of its longi- 
tudinals form an array provable to be evanescent by the first test. 
Proof of part of the second may be given by way of sample. Taking 
the array 


Q, GW ds 
hod fo 

Gil Cs>C3 

did. da; 

Bi Gy se 

with the data 
| a,b, | + 9, 
| a,b,c, | = 0, | abd; | = 0, | a,b,¢,| = 0, 


Dodgson in effect affirms that two magnitudes « and y can be 
found such as to satisfy the equations 

Ac+ayta, = 0 

be+ bey + bs = 0 

GL+Coy+ Cs = 0; 

dct+dytd, = 0 

QT ytes = 0). 
For, he says, by reason of data (1) and (2) the first three equations 
are consistent : and similarly data (1) and (3) may be used : and 


26 HISTORY OF THE THEORY OF DETERMINANTS 


data (1) and (4). The entire set is thus consistent, and the initial 
array consequently evanescent.* 

The freshest of the appendices is the fifth (pp. 128-133), which 
deals with the problem of constructing a determinant of monomial 
elements which will vanish simultaneously with a given algebraic 
expression of two or more terms. Here the fundamental theorem 
is that if in an n-line determinant all the elements of a p-by-q array 
be multiplied by x, and all the elements of the complementary array 
be divided by x, the determinant is multiplied by xeto-™_ Taking then 
the determinant 


a, b ¢ 
daexyy, 
Gu hea 


he in the first place divides the (2, 2) element by itself and multi- 
plies each of the elements of its complementary minor by the same : 
secondly, he divides the (3, 3)" element and multiplies the elements 
of its complementary minor by 7: thirdly, he multiplies the 2™" and 
3" rows by b and c respectively: and fourthly, he multiplies the 
2”¢ and 3" columns by d and g respectively. The result of all 
this is 


a b¢ aei bdi ceg 
de f| = bdi-ceg| bdi bdi Ofg 
g he’ ceg cdh ceg |, 


where the elements of the determinant on the right are five of the 
terms of the determinant on the left. It is consequently suggested 
to construct from any six-termed expression 


at+Bt+ytédtet+?¢ 


* Of course if a 4" column were taken with the additional data 
Keer) Us |a,6,d,| = 0, | ayboe4| = 9, 
another 5-by-3 array could be proved evanescent: and still another with the data 
le Ooce lees Os |a,b.d5| = 0, |a,boe,| = 0. 


We should then have reached a square array, whose 3-by-5 minor arrays we 
could treat in the same fashion without additional data, and so prove that if 
each of the 9 three-line minors be evanescent, of which the non-evanescent | @,b9| is 
a common minor, then all the other three-line minors would vanish. 
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the three-line determinant 


Gh SE =@ 
—€. 6 y 
sao Mer Cee ai 
and finding this to be equal to 
de(at+B+y+o-+e—“2%) 
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Dodgson concludes that any expression of six terms such that the 


product of three of them differs only in sign from the product of the 


other three can be expressed as a three-line determinant. 


It deserves to be remarked in passing that although Dodgson 
considers only the cases of a three-line and of a four-line deter- 


minant, it is quite generally true that any n-line determinant can be 


expressed by means of 1+(n—1)? of its terms. Thus, denoting by 
pyrst any term a,b,¢,d,e, of the determinant | a,b,c,d,e; | we have 


12345 21345 32145 42315 52341 
21345 21345 23145 24315 25341 
32145 31245 32145 32415 32541 
42315 41325 42135 42315 42351 
| 52341 51342 52143 52314 52341 


21345 - 32145 - 42315 - 52341 


v 


| @ bead 4e5 | = 


or, if we denote by rs the result of performing on 12345 the inter- 
change of r and s, and by 7s - wv the result of performing on 7s the 


interchange of u and v, 


Ti 12 13 14 Te 


Mine Me NP ONLATEY SORE gs OTe a8 


Siglo io, stor (3... 81-14 Sil 


Adee d Lael? Atlee tro 14 sae LS 
Sli 52 Ble 13 51-14 5lorld 


| @,boCg,e, | = 


129913214515 
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ECHEGARAY, J. (1868): DAVIDOV, A. J. (1868) : 
“UN ABONNE” (1868). 


[Memoria sobre la teoria de las determinantes. Memorias y docu- 
mentos (Madrid), viii. pp. 244-444. ] 
[Algebra (in Russian). Moskva. | 
[Exposé des principes élémentaires de la théorie des déterminants. 
Nouv. Annales de Math., (2) vii. pp. 403-418, vill. pp. 97-113.] 


The author of the first * of these is said to have considered his 
work little more than a free translation of Trudi’s. The third is 
of no moment. 


HESSE, 0. (1868). 


[Ein Determinantensatz. Crelle’s Journ., \xix. pp. 319-3822; or 
Werke, pp. 557-560. | 


The theorem in question is, in Hesse’s notation, that if 


oB oB 
IN = | Gy 4Qo9 ners Onn |, lei = OA/Odpgs P= Saat eat 
K A 


then 


OB OB CB 
mem Tae aes Aegitpr- 
KA 


It is brought forward and established mainly for the sake of the 
case where B = 0, the deduction being that A is then expressible 
as the product of two factors of the form 


(Aydygt Aotlag + +» + Ang) (Marr + Mane + + + + MnApn) 5 


or, taking without loss of generality p = gq = nanda = 8 = n—1, 
that 


OUn—1,n-1 ei Od,.40 Otley 2 SoG + sq nso} 
OB eB >B 1 
(ae ai 3a,1.°™ +...t+ By Genie male 


* Neither this nor the second have I been fortunate enough to see. 
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We are thus led up to the important fact that when in addition 
A is axisymmetric, the two factors on the right are identical. The 
theorem may consequently be viewed as a generalisation of Salmon’s 
of the year 1859. 

It may be noted, however, in passing that Hesse’s notation rather 
obscures the true character of his result, which is nothing more 
nor less than the simplest case of Jacobi’s theorem regarding a minor 
of the adjugate. For dispensing with differentiation by using 

_A,, for the cofactor of a,, in A, we readily see that B is A,,: that 
the first factor of P is the determinant got from B by changing 
the suffix 8 into q, that is to say, is Apg: that similarly the second 
factor is A,,: that OB/Odag is the cofactor of | dag@p. | in A: that 


Ep a a Gee is A 

—— — ———— 4 “Bs 

Ola ae Odes -t : 
KA 


and that therefore Hesse’s result is 


| QqyGen. . . Onn |- cofactor of | Caphpg | = A pgAag— ApgAay 


a. | A.Apy |. 


STUDNICKA, F. J. (1869, 1870): ZELEWSKI, A. v. (1870). 


[O determinantech. 64 pp. V Praze.] 

{Hinleitung in die Theorie der Determinanten. Fiir Studirende 
an Mittelschulen und technischen Anstalten. vi+66 pp. 
Prag. | 

{The Elements of the Theory of Determinants (in Russian). Prag.] 

{Kin Beitrag zur Theorie der Determinanten. 31 pp. Breslau.] 


The German title of Studnicka’s booklet accurately describes its 
character. It consists of an introduction followed by ten sections 
(§§ 1-10) under descriptive headings, each of the last four sections 
dealing shortly with a special determinant by name. The edition 
in Russian, published the same year, I have not seen. 

Zelewski’s so-called ‘ Beitrag ’ is a very simple but very formally 
arranged introductory sketch. 
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TRZASKA, W. (1870). 


[Krotkie wiadomosci 0 wyznacznikach. Appendix to Folkierski’s 
Zasady ruchunku rdéznezkowego i calkowego.... Tom 1. 
xlvi+1087 pp. Paris.] 


Trzaska’s ‘short account of determinants ’ extends to forty-nine 
pages (pp. 1031-1079), and, as is appropriate enough in a book 
dealing with the Differential Calculus, a considerable share of space 
(pp. 1059-1075) is devoted to ‘functional determinants.’ It is 
followed by a collection of seventeen exercises (pp. 1080-1087). 


BALTZER, R. (1870). 
[Theorie und Anwendung der Determinanten. 3te verbesserte 
Auflage. vi-+241 pp. Leipzig. ] 
In this edition the ‘Theorie’ is enlarged to the extent of four 


or five pages. One interesting addition (p. 31) is a simple deduction 
from the identity 


a,—-XL Ag ds 
b, b,— Yy bs 
Cy Cy C3 — z 
= —ayzt+ayz+ bzat+ cyry 


— | bycg |e — | cot |y — | Grbal 2% + | ayb9¢5 |. 
Putting «, y, z equal to the sums of the a’s, b’s, c’s respectively, 
we have 
0 = —Dadbdc+a,Ubdc+ b,XcLa+ cgdax 
— |ab,| Ze — | bcs | 2a — | cgay | DB + | aby¢s |, 
a result which, notwithstanding Baltzer’s different standpoint, we 
may view as a generalisable relation between the coaxial minors 
of the determinant | a,b,c, | and the sums of its rows. 
Another addition (§5. 8, pp. 46-49) concerns the result of the 
substitution which is possible when we have given 
4, Zp, +++ » tm linear functions obey keskies as 
@,’, Uy’, .. +, ©» linear functions OF ae, ee A ee 
and so on. The subject, however, belongs more naturally to the 
theory of matrices (see § 11 of Cayley’s memoir of 1857). 
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UNTERHUBER, A. (1870): HOUEL, J. (1871): MAURER, F. (1872): 
UNTERHUBER, A. (1872). 

[Hinleitung in die Theorie der Determinanten. Leoben. | 

[Notions élémentaires sur les déterminants. Paris. (Lithographed.) | 

[Grundziige der Determinantenlehre. Budweis. | 

[Ueber Determinanten. 14 pp. Leoben.] 


_ The second of these accurately describes itself, and the others 
are school-programs of the simplest type. 


CAYLEY, A. (1871). 


[Question 3329. Educ. Times, xxiii. p. 261, xxiv. p. 17; or Math. 
from Educ. Times, xv. pp. 66-67. ] 


The requirement here is to show that every permutation of 12345 
can be obtained by means of the cyclical substitution (12345), and 
the interchange (12); and it is met by giving the equivalents of 
other interchanges in terms of the said two operations, K and a 
say. For example, the interchange (15) can be effected by per- 
forming in succession the six operations K, a, K, K, K, K, or, as 
this is written, 

(15) =" K4ak: 
Similarly (iS ai aK ‘qe=sak*g Koki Ue os 
the variant forms being due to the facts 


K5 =1, oF =1, (Ka) = 1. 


BRILL, A. (1871). 


[Ueber diejenigen Curven eines Biischels,.... Math. Annalen, 
ili. pp. 459-468. ] 


Brill has incidentally to consider an identity which is the case 
of Schlafli’s theorem of 1851, in which n, r = 3, 2, that is to say, 
the case which gives a six-line determinant, A, say, as the equiva- 
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lent of | a,b,c3|*. The said determinant he multiplies row-wise 
by 2 | byco|- | Secs | ° | O5¢ | in the form 
Poel! 


2 | dyes | : . : | bye2| | Beer | 
2 | bse; | ; | byce | : | bees | 
2|Byco| | Beer | | bees | 
obtaining a determinant equal to 
2 |a,bycg|*-| by? bP 3" | 
€,7) Was 4 C5" 


Bicy Dey ge |; 


and, as the last three-line determinant is equal to 


| yey | >| bees | >| Baer | 
the desired object is obtained. 


JAROSENKO, 8. (1871). 
[Teorija opredélitele] i jeja prilozenija. I. Teorija opredélitele}. 
xii-+159 pp. Odessa. | 
This text-book, which has almost the same title as Sperling’s of 
1858, contains a very full account of the subject, the fullness being 
possible by the allocation of so much space to the theory alone. It 
opens with a historical introduction of ten pages, and then follow 
three chapters (pp. 1-74) on determinants in general and other 
three on special forms, that on Compound Determinants (chap. iv.) 
being more than ordinarily full. 


CALDARERA, F. (1871). 


{Nota su talune proprieti dei determinanti, im ispecie di quelli a 
matrici composte con la serie dei numeri figurati. Giornale 

di Mat., ix. pp. 223-232. ] 
Caldarera’s fundamental theorem is Chio’s of 1853, regarding 
the reduction of the order of a determinant, and is established in 
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essentially the same way. The only difference is that Caldarera 
takes g = p from the outset, and insists on the importance of the 
theorem in evaluating axisymmetric determinants, and in reaching 
such a result as 


a até at+26 a+306 
a 2a+6d 3a+36 4at+6d6 .../] _ -s 
| a 3a+6 6a+46 10a+106 


which, of course, is easily obtained otherwise. 


BOURGET, J. (1871). 
[Des permutations. Nouv. Annales de Math., (2) x. pp. 254-268.] 


This resembles in subject the first part of Rothe’s paper of 1800 
(Hist., i. pp. 55-60), the main difference arising from the adoption 
of a different principle for determining the order in which the n! 
permutations of the first m integers have to be arranged. The 
order followed is Bezout’s of 1764 (Hvst., i. p. 15), namely, when 
n is 3, 

123, 132, 312, 213, 231, 321, 
instead of 
123, 132, 213, 231, 312, 321. 


It has no advantage save that the 7" permutation from the end 
is obtainable from the 7” permutation from the beginning by 
reversing the order of the integers, a fact to which Bourget does 
not refer. A new definition of ‘ conjugate ’ permutations is intro- 
duced which entails the equivalence of conjugate and reverse, and 
which therefore, unlike the old, does not permit of the interesting 
idea of self-conjugateness. The fact, too, that the total number 
of inverted-pairs in a permutation and its now so-called conjugate 1s 
4n(n—1) becomes self-evident when we change the word ‘con- 
jugate ’ into ‘reverse.’ The paper concludes with an investigation 
of the problem of finding the number of permutations which each 
have 6 inverted-pairs, the result being practically successful although 
a general difference-equation is not obtained. 
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BECKER, J. C. (1871). 


[Ueber eimen Fundamentalsatz der Determinantentheorie. Zeit- 
schrift f. Math. u. Phys., Xv. pp- 526-530. ] 


This is a well-reasoned and clearly written criticism of Salmon 
and Baltzer for laxity of thought in their treatment of the pro- 
position regarding the interchange of rows and columns. At the 
close the critic brings matters to a point by formulating for proof 
the theorem : 

If the elements taken to form a term of a determinant be first arranged 
so that the row-indices are in their natural order, the unsigned result 
being 

Sistas Se Bays a eee ees 
and afterwards arranged so that the column-indices are in their natural 
order, the unsigned result being 


Ba Oatratnat tase ve Ot ei Cae 
then the number of inverted-pairs in X, y, 2, W,.--+% ihe same 
as im £,n, & @,---> 


As his own contribution he shows that the two numbers are at 
least of the same kind as regards influence on the sign. _ In effect 
he says that if one of the interchanges requisite for the transfor- 
mation of A into B be the interchange of a@,, and a,,., and this be 
performed, the double set of indices will be changed from 


ee eC Reed! léet ettencoeee: 


and the number of inverted-pairs being thus increased or diminished 
in. each set by an odd number, the total number in the two sets 
will be increased or diminished by an even number. Further, the 
like being the case for every such interchange it follows that the 
number of inverted-pairs in the first double set 


| RO Bs oe rigs ct 


will differ from the number in the last derived double set 
Ladies ere 
EO ME 7a Re 
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by an even number, and consequently the sign determined from B 
will be the same as that determined from A.* 

We note for ourselves in sels that x, y, z,w,....and én, 
{, @, .... are ‘conjugate’ permutations according to Rothe’s 
definition of 1800. (Hist., i. pp. 59-60.) 


HESSE, O. (1871, 1871, 1872): HATTENDORFF, K. (1872). 


_[Die Determinanten, elementar behandelt. ii+46 pp. Leipzig. } 
[De Determinanten, elementair behandeld door Dr. O. Hesse. In 
het Hollandsch overgebracht door Dr. F. van Wageningen. 
iv+48 pp. S’Gravenhage. ] 
[Die Determinanten, elementar behandelt. 2te Auflage. ii+48 pp. 
Leipzig. | 
[Einleitung in die Lehre von den Determinanten. xii+60 pp- 
Hannover. | 
In October 1870 the theory of determinants was included among 
the subjects prescribed to be taught in the Bavarian real-gymnasia, 
and Hesse sought to supply the want which thus arose for an ele- 
mentary text-book. In his Analytische Geometrie des Raumes he had 
already devoted a lecture to the subject. (1* ed. of 1861, pp. 72-83 : 
2 ed. of 1869, pp. 79-99.) As might have been expected, his new 
exposition is in its way excellent, twenty pages being devoted to 
lmear equations and alternating functions, and the rest to sixteen 
carefully formulated propositions regarding determinants. It is 
more suitable, however, for teachers than for gymnasium pupils. 
Hattendorff, on the other hand, aims at keeping the wants of 
the young student constantly in view, and therefore assumes less 
at the outset, advances more slowly, illustrates more fully by 
examples, and does not neglect to give numerous exercises for 
practice. 


BRILL, A. (1871). 
[Ueber zwei Beriihrungsprobleme. Math. Annalen, iv. pp. 527-549.] 


Brill, in the discussion of his geometrical problems requires the 
aid of two theorems regarding determinants, and to these at the 


* A variant of this proof was afterwards giveMin the second edition of Délp’s 
class-book (p. 18, 1877). 
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outset he consequently devotes a separate section (§2, pp. 530— 
533). 

The first theorem may be formulated as follows : If two arrays 
C and D, each consisting of n—1 rows and n columns, be so related to 
one another that in every case the product of the x and every succeeding 
row of © by the r™ row of D vanishes, then the principal minors of 
the last k rows of © are proportional to the principal minors of the 
first n—k rows of D, the series of minors in the latter case being arranged 
in reverse order. Taking for shortness’ sake the case where is 5 
and kis 2, the arrays being 


Oy y Ug oastae ns TL astbe caetven eK 
b, b «+ 5s 4 Yo +++ Ys 
Co Bs esa pen Ce Spa ler Sct ee 
di doting Wy Wylis« BAAS 


and the given relations therefore representable by 

ie ne 

Yba = 0, Xby = 0, 

Tex = 0, Tey = 0, Lez = 0, 

Yda = 0, Ydy = 0, Ydz=0, dw = 0, 
we append 1 row to C and prefix & rows to the first n—k rows of 
D, thus obtaining the square arrays whose determinants are 

| aybycsd ses |, | myers 42s |. 

By the multiplication-theorem the product of these 


Lam San . Lay Laz | 
=bm xXhn . pipe 
=| Zem Xen 


xXdm Xdn . .% 


Lem Den Leu Ley See | 


= Lex: Lay: =Ubze-| Lem Len 
Xdm Xdn 
= Lex - Lay: Xbz*|| cy Cy Cg Cy Cy | M, Mg Mz Mg Mes | 
| d, dy ds dy ds i” Ny My Ng My Ns |, 


from which, by equating the cofactor of | m,n,| on the one side 
to its cofactor on the other, we obtain the desired result. 
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The second theorem concerns what may be called in imitation 
of Dodgson (1867) the ‘coevanescence of arrays. We may 
enunciate it for ourselves thus: © and D being a pair of arrays 
conditioned as in the previous theorem, and I, A a similarly related 
par, of an array composed of the last n—k rows of C and the last 
k+1 rows of T be evanescent, so also is the array composed of the 
first k rows of D and the first n—k—1 rows of A: and conversely. 
The proof turns on postulating a set of linear homogeneous equations 
M 4, Us, ... , Uy, Whose coefficients form the given evanescent 
array. 

In connection with the proof of the first theorem it is important 
to note that when ascertaining on the left-hand the cofactor of 
| m,n, | there is a sign-factor to be attended to, namely (—])!¥2+"+« 
It would therefore be an improvement to append to the enunciation 
of the theorem the words “‘and the members of one of the two series 
being signed.”” Thus, what is actually established above is that 
if the product of each row of 


by each row of 


be zero, then 


. | Gas | wees | Cds | — 
| T3Y425 | | LY 425 | 


RASCHI, L. (1872). 


[COMPLEMENTI D’ ALGEBRA, contenenti fra |’ altre materie il 
metodo dei determinanti e frequenti applicazioni dello stesso. 
x+456 pp. Parma. | 

The contents do not belie the subtitle. At the outset (pp. 16-81) 
an exposition of determinants is given, and throughout the rest 
of the volume frequent use is made of them. The. subjects to 
which they are applied and the manner of application recall 

Trudi (1862). 
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COTTERILL, T. (1872). 


[On an algebraical form, and the geometry of its dual connection 
with the polygon, plane or spherical. Proceed. London Math. 
Soc., iv. pp. 139-143. ] 


The mainstay of the paper is a proposition regarding certain 
principal minors of the array, 


hy th % Oy ~~) Mh 
ly Uy Yo My Og Cy ..- My Me 
ts Us Y3 Gy bs Cg ... Mg Neg, 


namely, that the expression 


if | tabs | ve | £7795 | + | tyngat| \ 
[eaeays| \ontayo| [Omays| Lama's] |reay'el * |mmeys| |eaeeys | 
is independent of the ?’s, and that, by substituting in it the 
fourth or any succeeding column for the first column, various 
forms of the t-free equivalent are readily obtained. No proof is 
given. 

Denoting any principal minor of the array by the numbers of the 
columns which it contains, we may write the simplest case of the 
expression in the form 


1th 145 156 164 |. 


123 (493-593 * 523-623 623-423) ° 
and this being equal to 
(145 - 623-4156 « 423 +164 - 523)/(123 - 423 - 523 + 623), 


we can substitute for the dividend Sylvester’s equivalent of 1851, 
namely, 123 - 456, with the result 


456 
423 - 523 - 623’ 


which, besides being free of 1, is also exactly what is obtained by 
simply putting 4 for 1 in the expression as given. 
In the next case of the expression the cofactor of 1/123 bemg 


145 156 167 174 
493-503 + 523-623 * 623-723 723-423’ 
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we add to and subtract from it 164/(623 - 423), thus obtaining 


145 156 164 ) 167 174 146 
(os 523" 523-6231 623-493) + & 793 + 793-493 493 - a4) 


the division of which by 123 we know from the previous case to give 


456 674 
423 - 523 - 623 * 623 - 723 - 423 ° 


In similar manner we find 


1 {145 156 167 178 184 
123 |423 - 523 1 503 - 623 t 693 - 793 + 793. 398 + an3 493 
456 467 478 


= 493-593 - 693 ' 493 693-793 T 493-793 803° 


The right-hand member in both cases is got from the left by the 
substitution of 4 for 1. 


STUDNICKA, F. J. (1872). 


[Ein Beitrag zur Theorie der Determinanten. Sitzwngsb. . . . bohm. 
Ges. d. Wiss. Jahrg. 1872, pp. 78-80.] 
[Nove poutky o determinantech. Casopis pro péstovint math. 
a fys., 1. pp. 203-206. ] 

Studnicka performs on any determinant A the two sets of 
operations which Hankel (1861) performed on the persymmetric 
determinant. For ourselves we may put the result in the simple 
form 


= UNU- 
where U= | ] 
—] 1 ‘ 
i espe 
Ik 3) 8) 1] 


| 
Je 


Specialization is then made so as to obtain Hankel’s result,* 
and to show that | a°bic? . . .| is equal to the difference-product 
Bh OC, 6 wk | 


* See also Nouv. Corresp. Math., ii. p. 401, vi. pp. 231-232. 
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STACCI, F. (1872). 


[Teorema sui determinanti, ed alcune sue applicazioni. Atti... 
Accad. . . . Torino, vii. pp. 772-783. ] 


[Intorno ad alcune trasformazioni di determinanti. Annali di 
Mat., (2) v. pp. 296-304. ] 


In reality these two papers deal with the same theorem, the second 
paper being an improvement on the first and contaiming two or 
three fresh deductions. 

The theorem concerns one of that class of determinants whose 
every element is a constant function of the corresponding elements 
of two given general determinants, the exact connection in this 
case being that the new element is the sum of constant multiples 
of the parent elements. This is the same as to say that if 


fatal: Oi ie One| 


be the basic or originating determinants, the new composite 
determinant is 


| (Ady +4 Oy) a ee Ser ee (A@nn + Onn) ie 


In his first paper Siacci partitions the new determinant into a 
series of determinants with monomial elements, and thence obtains 
an expression for it arranged according to descending powers of A, 
the coefficient of \” being |a@,,| or A, say, the coefficient of u” 
being | b,, | or B, say, and the coefficient of \”~"~” being a sum of 
determinants each composed of n—r columns from A and 7 columns 
from B. Proceeding further with the coefficients of the latter type 
he substitutes for each determinant in them a sum of binary pro- 
ducts, one factor being a minor from A and the other a minor from 
B. In this way the coefficient of \"~"u" is found to be obtainable 
by taking each (n—7)-line minor of A, multiplyig this by the 
complementary of the corresponding minor of B, and adding the 
products. There being one product for every 7-line minor of B, 
the total number would be {@,,,)°. For example, when 2 is 3, 
the coefficient of A? is 


( | Gy1%0 |, —| Gutse |, — | Gare | ) oss, bys, bys) 
(| GyMog|, | Gu4g3|, —| 42r%s3| \Os2, ee, by) 
a ( | dyottos |, —| tris |, | Aaoltss | Yos., ba, by;). 
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Siacci’s mode of writing the general expansion in symbols is 
ATA, FATE = As - comp B,,_,) +A" 2u2. > (Awe comp B,,_,) 
Tale "By, 
where A, means an r-line minor of A and where therefore A, means A. 
With this auxiliary result in his possession he has no difficulty 
in proving his main theorem, namely, the identity 
| (Ady +4631) Bese (A@nn+ Man) | 
Pe . Ay Bu Ag 5 BS 
mae (eae) os (epee) 


or, as we may formulate it for ourselves, If P be Stacci’s composite 
determinant formed from the matrices of A and B, and Q be that simi- 
larly formed from the reciprocals of the matrices of B and A, then 
P= ABQ. 

All he has to do is to show that the coefficient of Ate ine b 
is AB times the coefficient of \”-"u" in Q, and this he obtains by 
using Jacobi’s theorem regarding a minor of the adjugate deter- 
minant. 

In his second paper he views P as the eliminant of the set of 
equations 


(Ap MO). 6 6. (AOpen t+ eden) = o} 


arising from the two sets 


? 


r=n 

r=1 
r=n 

Dy L + ApLet . 2. FApnLy = WU, } 


B42, + 9% + Mens shbng Mis 7. —ruy} . 


Feil ob 


and he succeeds in deriving from the same two sets, by equating 
values of x, the set 


EC age Aicmegb). -. °° 
of which Q is the eliminant. As the resulting equations P = 0, 
Q = 0 must have the same roots, he concludes that P and Q are 
connected by a constant multiplier, and taking the special case 


A = 0 he finds the multiplier to be AB. 
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Incidentally to this proof it is shown that 


phy +r hip vee Nk + u Kp vee | 
P=Al hey 71) Saale aearel ea a3 3) Neggtih vee |? 
yr. ee eee eee er tee me A ea A ees | z 
where n * 
A : 
—_ An Are rnp 
Rhys ed AN bf =F A as ot Saks Was ae A ee ? 
B, By B, v 
and kenge = Bp tat Geste soe +R Gane 
and where therefore 
A 


B 
hw | = A’ | Keyn |= B 


Putting f(u) for P when \ = 1, and multiplying f(u) by the 
expression which the theorem gives for f(—«), Siacei readily obtains 


f(u)-f(-n) = AB hyy—Iyy? Nan — Fyne” 
Ng — Keats ~~ an en 
Ti Beet ean nalts 


where the h’s and k’s are such that 
Pn Ryyp Hb Byghor +.» » thinknr = 1, 
Ie Bys tig lag +» » + Arnkine = 90. 
The remaining portions of the two papers are occupied with 


deductions, some of which fall under Orthogonants and one under 
Recurrents. 


STUDNICKA, F. J. (1872): WALKER, J. J. (1872). 

[Novy dukaz poutky o pomerech mezi pivodnimi a predruzenymi 
determinanty a subdeterminanty. Casopis pro péstovdnt math. 

a phys., i. pp. 6-10. ] 
[Question 3690. Educ. Times, xxiv. p. 296 ; or Math. from Educ. 

Times, xvi. pp. 110-111.] 

Studnitka’s so-called proof of Jacobi’s theorem regarding a 
minor of the adjugate is only suggestive of the truth : and Walker’s 


identity is that which began to appear with Monge in 1809, and which 
came later to be known as the ‘ extensional ’ of 


| a,b, || ede | — | ay, || Dydg | + | ad, || bye, | = 0. 
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MUIR, T.: WHITWORTH, W. A. (1872). 


[Extension of a law of determinants. Messenger of Math., ii. 
pp. 60-61, 80.] 

Whitworth’s further extension is that uf in an n-line determinant 
A there be a p-by-q. array, each of whose elements contains the factor 
a, then A must contain the factor u?t1-": and the reason is that if 
we multiply by a each of the n-p rows outside the array we obtain 
a determinant in which g columns contain u. The theorem should 
be compared with Dodgson’s of 1867. 


ALBEGGIANI, M. (1872). 


[Sviluppo di un determinante ad elementi binomii, ed applicazione 
Giornale di Mat., x. pp. 279-293.] 


The determinant dealt with is 


| (C1111 + F111) (Con%a2-+ osdoa) . . - (Canbnn+4nnPnn) |; 
and the development is written in the form 
AC 2 Sw 4 SAC AE: a Pei es Ae, 


where A’, At” are p-line minors formed from 
[C1111 * Coaftng » - - Cnntnn| and | dyby*dybo. . . « Inn nn | 
respectively, subject to the condition that in such a product as 
Ay Aine where pt+g = n, 
the two minors are understood to be complementary as regards 
the rows and columns from which they are taken. The result is 
thus closely like that reached by Siacci earlier in the same year. 
The remainder of the paper (pp. 285-293) is occupied with the 
deduction of four results of Siacci’s set as ‘ questions’ on p. 188 
of the same volume (see under Orthogonants). 


FONTEBASSO, D. (1872). 

{I primt ELEMENTI DELLA TEORIA DEI DETERMINANTI, e loro 
applicazioni all’ algebra ed alla geometria, proposti agli 
alunni degli istituti tecnici. viii+134 pp. Treviso. ] 

Fontebasso’s aim was a text-book simpler still in style than 

Trudi’s ; but though he reached it there is nothing very praiseworthy 
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in the result of his effort. It is strange, for example, to find in the 
short opening chapter valuable space given to two unnecessary 
though interesting theorems regarding derangements while skew 
determinants and other important special forms are nowhere 
mentioned. The theorems in question are 

1. The total number of derangements in the n! permutations of the 
first n integers is $(n—1)n-n!. 

2. The total number of derangements in the n permutations got by 
permuting the first n integers cyclically is ¢(n—1) n(n+ lg)» 

Save for a very special persymmetric determinant there is 
nothing else worth noting. 


GUNDELFINGER, 8. (1873). 
[Ueber einen Satz aus der Determinantentheorie. Zeitschrift if. 
Math. u. Phys., xviii. pp. 312-315. ] 
The theorem in question may be said to concern the ‘ increment * 
produced on the product of two oblong arrays by prefixing to each 


a column of units. It being understood that the given array 
consists of m rows and n columns, the said increment 


lig, Goes Cat tke, tg en ag) pe ar @y Gon - 


pees > NT Bee ie : 


| . 

Po Gee Oe! [Lys yee Ya OC. ant Cw V1 Ye: 
| Nee! ai ace AB fhe tet tas Eh in -iye || . a wc 
1+Xaa 14+20a8 1+2Xuy ... Yaa YaB Lay 
1+Zba 14208 14+2by ...| _| 2ba ZB Xby 
1+2cea 14+2c8 1+2cy ... Xca 2ce8. Ley 

—|. 1 1 1 
1 Yaa YB Lay 
1 Yba XB Xby 
1 Xea 2B Xy 
taurine ns 
where Daa stands for a,a,;+ @,a,+ ... +@nu,. This agrees with 


the result obtained in a different way by Sylvester in 1852 where 
n = m—1, and where, therefore, the product of the given arrays 


bbe: Dn | ll ey oe ee 
- Yn 
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vanishes and the enlarged arrays are square (see Hist., ii. p. 122). 
All that is further done is to change it into 


—])m 
( a l 1 1 

1 S(a-a)! E(a—By Za—y) 
1 Y(b-a? Yb-ByY Wb-yy 
1 X(e-a? Be-BP Be-yy 


m+1 
exactly in Sylvester’s fashion. 

It is noted that when n << m—1 the product of the enlarged arrays 
also vanishes, so that the left-hand member is0. Attention, however, 
is not drawn to the fact that when » = m—2, we are led to Cayley’s 
results of 1841. For example, when m = 3 and n = 1, we have 

ee 1 1 
o - [1 (=a? (@-B (a-yy 
1 bso)” “(bs BYR. (OR y)* 
Tek(ce ak ¢ mii ole yPil, 
which becomes Cayley’s first result on putting a, 8, y = a, b, c. 

Gundelfinger claims that his theorem and corollaries embrace 

most of the results contained in Baltzer’s § 16, § 17. 1-7. 


CATALAN, E. (1873): CAYLEY, A. (1873). 
{Sur un déterminant. Meélanges Math., ii. p. 141; or Mém. Soc. 
R. des Scr. (Liége), (2) xiii. p. 141.] 
[Two Smith’s prize dissertations. Messenger of Math.,ii.pp. 147-149. ] 
Both unimportant. 


HAMBURGER, M. (1873). 

[Bemerkung iiber die Form der Integrale der linearen Differential- 
gleichungen mit veranderlichen Coefficienten. Crelle’s Journ., 
Ixxvi. pp. 113-125. ] 

On pp. 115-117 Hamburger deals with a lemma regarding four 
sets of quantities, 
Yi, Yo. + © = » Yn Ty, Lo, 2 + © » Un 
Ni» N22 ° + + » Yn (pd fer: a ey, 
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in which any member of any set is a linear homogeneous function 
of all the members of any other set. Of course, it is impossible 
that more than three connecting sets of equations can be inde- 
pendent. For example, if it be given that 


(Yr; Yas Ys) = ( I, I, Igy XX, Xe, Ls), (M13 Nes ng) =( 4 G23 VY1> Yas Ys)» 


My Mz Mz b, by bs | 
Ny Ny Ns | Cy Cy Cg | 
(ny, Ne, ng) = ( Ay Ag As » &1, fa, £3); (&, £9; E)=(/A hfs Ya, Lg, Ls), 
ky Me Mg 91 9293 | 
Vy Veg Vg hy hy hg | 


itis evident that there must exist between the coefficients the 
matrical relation 


(a, dy a3 lL I, ts ) = (Ay Ag As ) fre Seed se 
b, b, bg | my mz Ms My Me Mg 9. 92 Ys 
Cy C& Cg Via Ve Gal's h, hy hg 


Now, what Hamburger in effect says—he does not use Cayley’s 
notation *—is that, if the third matrix in this last identity be the 
same as the second, then 


| 4 Ne! tg 


a—O Qs as iv? Js Ss 
by b,—@ bs = et Se Is 
q C2 C3—0 hy hy hz—0 


for all values of 6. By ‘way of proof it is pomted out that in this 
special case the matrical relation becomes 


(4, % G3 GM A A GY A as ) a (4, ly ls 4 ly I, ly l, Is ) 
lL, my, Mm [yp My NM Ly Mg Ng fi 9 fe 92 he fs9s Ms | 
b, bs bs db, b bs b, b, bs My Mz M3 My, Mz Mz My My Ms 
L m m |, my nm Is MgNzg fi ny fe Ge he fs 93 hrs 
G & Ce G% & Ce G & C8 Ny My Ny MN Ne MH Ne Ny 
L mm | my nm 1s MgNz fi 91 tn fe G2 tn fs G3 hs 


Vv 


* See Hist., i. pp. 85-87. 
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this being Cayley’s way of stating nine equalities of the type 
Ay Gy My _ Ti loets 
L my my fi 91 ty’ 


On account of these equalities it is next seen that 


1.6. Ol, + am, + agn, = Lf + beg, + leh. 


a,—0 a, as L le ls L ls s \ 15) a ik 
b, 6,—@8 bg |+| im, m,mg| = My, M, Ms . fi —0 95 
Cy C,  Cs—O| | mM Ny Ng Ny Nz Ns | h, t h,—9| , 


so that, if |Jym,ns| be not equal to 0, it follows that 


| Bie hae a3 | if itetoee ib ts 
by bs ot El 
| e ve C3 —0 h, hy h,—@ ) 


as desired. Another way of stating the property is that the sum 
of the r-line coaxial minors of the one determinant is equal to the 
corresponding sum in the other ; and a third way, only possible ten 
years later, would be: Jf m,, my, u be matrices such that 

My = “Me, 
then m,, m, have the same latent roots. 

A second property is also enunciated and proved, namely, that 
if in the case of the one determinant all the r-line minors vanish for 
a particular value of @ while all the (r—1)-line minors do not vanish, 
the same holds in the case of the other determinant ;—in later 


phraseology, the ‘rank’ or ‘characteristic’ of the two determi- 
nants is the same. 


RUBINI, R. (1873): HESSE, 0. (1873). 
[TRatraTo D’ ALGEBRA. Parte seconda. viii+364 pp. Napoli.] 


[I Determinanti, elementarmente esposti. Traduzione del Valeriani 
Valeriano. Guornale di Mat., x. pp. 217-229, 325-342. Also 
published separately. ] 

The chapters in Rubini regarding determinants (i.-xi., etc.) 


contain essentially the same matter as his text-books of 1864— 
1867 above referred to. 
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JANNI, V. (1873). 
[Sul prodotto di due matrici. Giornale di Mat., xi. pp. 357-358. ] 


The mode of proof which Bellavitis (1857) applied to the multi- 
plication of two three-line determinants Janni applies to the multi- 
plication of two y-by-n arrays,—that is to say, he begins with the 
product-determinant and investigates the result of the partition- 
ment of it into a sum of determinants with monomial elements. 


GORDAN, P. (1873). 


[Ueber den gréssten gemeinsamen Factor. Math. Annalen, vii. 
pp. 443-448. ] 


If we return to Brill’s second paper of 1871, we shall find that in 
proving his first theorem for the case where k = 2, we did not use 


the datum 
djdw = 0, 


and we used unnecessarily the data 
Sac =0, Yor = 0, Dby = 0. 


A little examination will also show that for each case a different 
selection of data must be made, and that in fact the theorem as 
stated gives the aggregate of the data requisite for all the values 
of k. Manifestly there would be considerable advantage in recasting 
the theorem so as to have indicated the exact data requisite in 
each case; and this is what Gordan here does. In effect, what he 
says is that ¢f an r-by-n array P and an s-by-n array Q be such that 
r+s =n, and the product of each row of the one by each row of the 
other be zero, then the r-line minors of P are proportional to the s-line 
minors of Q, the series of minors in the latter case being arranged in 
reverse order, and the members of one of the two series being signed. 
The concluding condition of this does not appear in the original, 
but it is necessary, as we have already shown. No proof is 
given, but it can of course be readily effected in the same manner 
as before, namely, by annexing any s rows to P and any 7 rows 
to Q, and then multiplying together the two resulting square 
arrays. 


DETERMINANTS IN GENERAL (GORDAN, 1873) 49 


In illustration of one of Gordan’s applications we may note that 
if a, @, y be the roots of the equation w+ ca" +c,0¢+¢, = 0, then 


see and dea ae) 
Baowae: 1 
ety yee! 
are two arrays conditioned as in the ara and therefore that 
1 aes 
[aay] ~ Tay = cae [asBy | a8B?y"]’ 


—one of the oldest properties of alternants. This suggests, too, 
that the solution of a set of simultaneous linear equations is in- 
volved in the theorem ; for example, the satisfying arrays being 


Op Mata dgo Gj o¥y2w 
ata yas cay 
G C Cy Cy 
we obtain 
z ih = y kn Zz oh. —W 
| tybsey| | aybgeg| J abn, | | ayb9¢s | 


WISSELINK, D. B. (1873).* 
[lets ovER DETERMINANTEN. 38 pp. Deventer.] 
A simply and clearly written introduction well-printed on a large 


broad-margined page. It is the first instance—not a translation— 
of the subject being dealt with in the language of Holland. 


DOLP, H. (1873): REIDT, F. (1874). 

[Diz DETERMINANTEN, nebst Anwendung auf die Lésung alge- 
braischer und analytisch-geometrischer Aufgaben. Elementar 
behandelt. iv+94 pp. Darmstadt.] 

[VoRSCHULE DER THEORIE DER DETERMINANTEN fir Gymnasien 

und Realschulen. vi+66 pp. Leipzig. ] 
These are workmanlike elementary class-books. The first is a 
particularly clear exposition, higher-pitched in its style than Hatten- 
dorff’s: the second is a trifle more elementary even than the latter, 


* No date on title-page. 
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giving much space to easy unworked exercises, of which there are 
over 200. As regards the arrangement of matter the second is 
superior. 
STUDNICKA, F. J. (1873). 
[Prispévek k theorii determinantu. Casopis pro pestovint math. 
a fys., ii. pp. 282-285. | 
[Ein neuer Determinantensatz. Stzwngsb... . . Ges. d. Wiss. 
(Prag), Jahrg. 1873, pp. 342-344. | 

These two papers are practically the same, although the one is 
not an exact translation of the other. The theorem referred to 
in the title of the second is to the effect that 2f the difference of any 
two rows be a multiple of the difference of any other two, the determinant 
vanishes; and the generalization derived from it is of still less 


moment. It may perhaps be usefully compared with Dodgson’s 
sixth proposition regarding the evanescence of arrays. 


BALTZER, R. (1873). 
[Mathematische Bemerkungen. Berichte . . . Ges. d. Wiss. (Leipzig), 
xxv. pp. 523-537. | 
The seventh of Baltzer’s notes derives Bezout’s result 
|aybsco|*|aebscal — [@abscollQidseal + ---- = 0 
from the more readily perceived identity 
[aU.ee) Gy) Oy ety 1 
| [aybecg] dy dy Ce | 
a. |= 0. 
| l'a,U;Cet Ge Ug : 
| aD eg Weert, 20s 
The ninth note, while seeming to concern a different and less 
simple thing, is really occupied with an analogous identity, namely, 
| aybocgdqes | >| Uy edges | = | Mbocgdges | - | ay0oCad aes | 
— | Ayu sd ges | * | VyyCad ses |. 
first given by Desnanot in 1819 (Hvst., i. p. 141, G). The eighth 
note concerns Gundelfinger’s paper of the same year (1873), the 
chief object apparently being to register a counter claim in favour 
of his own, § 16, 12. 
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JANNI, V. (1874). 
[Dimostrazione di alcune teoremi sui determinanti. Giornale di 
Mat., xii. pp. 142-145.] 


Janni’s theorems, though all simple, are treated with freshness. 
His first is that dealt with very shortly by Bellavitis in § 15 of his 
Sposizione of 1857 (Hist., ii. pp. 94-95), his proof resting on the 


fact that, for example, when | a,b,c, | = 0, we not only have 
b,A,+6,A,+6,A, = 0, 

and ¢A,+eA,+c,A, = 0, 

“but also a,A,+a,A,+a,A 3 = 0. 


Following on this are other properties of a null determinant 
established in his own way. He then proves Hermite’s conden- 
sation-theorem (Hist., ii. p. 46), deducing thence the corollary that 
uf all the two-line minors of a determinant be divisible by the same 
quantity, any m-line minor will be divisible by the (m—1)" power 
of the quantity, and deriving therefrom the two main properties 
of the adjugate. His last result is that a determinant is not altered 
by changing the sign of every element whose place-indices have an odd 
sum, this change being equivalent to changing the signs of the 
even-numbered rows and thereafter the signs of the even-numbered 
columns. | 


KRONECKER, L. (1874). 

[Ueber Schaaren von quadratischen und bilinearen Formen. 
Monatsb.... Akad. d. Wiss. (Berlin), Jahrg. 1874, pp... . , 
214-215, . . .; or Werke, 1. pp. 165-174. ] 

Using the simplest case of Jacobi’s theorem regarding a minor 
of the adjugate Kronecker makes a dedtction, of which it will 
suffice to give merely an example, namely, 

| a becgd, | | aCy@,| + | Deal | |asd,|-|e,¢,| - ad, 

| bocgct, | | bycyty| > |Ca4| [esd] + dy a, 
the reader being referred to Hist., . p. 40, and to a result given 
under Axisymmetric Determinants (1874). 


= th, 
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SAGAJZO, A. (1874). 


[Wyxzrap Zupecny AtceBry.... Tomi. Teorya Wyznacznikéw 
i ich przedniejsze zastowania.... xii+400 pp. Paryz. | 


The volume, although like others entitled ‘The Theory of Deter- 
minants and its principal applications,’ is practically a Polish 
edition of Salmon’s Modern Higher Algebra, with a few additions 
and amendments. 


ALBEGGIANI, M. (1874). 


[Sviluppo di un determinante ad elementi polinomi. Giornale di* 
Mat., xiii. pp. 1-32.] 

Albeggiani begins by restating his development of 1872 for the 
case of binomial elements, and then he proceeds to establish it for 
the case of trinomial elements which he states in the form 

(n) (n) (n) (n) 
(gy = ia 4. ING a A; 


EA Ai DUA Ager atts a 


SESW ee eI STING aes 

+a Are Ay Ayer 

he A ee Ae eee 
where the minors following any } are quasi-complementary,—that 
is to say, no two of them have a row-number or a column-number 
in common, and yet all the row-numbers are used. This naturally 
suggests the statement which is likely to hold for all cases; and 
on the hypothesis that it is true for the case of p-termed elements 
he sets about trying to prove it true for the next higher case. With 
exemplary patience he gives seven pages to the attempt and is 
successful, the final result thus being in double-> notation 


(nr) (a) , (B) , (y) (7) 
BAAS > (za NIN tN 


where a+ 6+... +7=N. 
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To make the form of development more familiar to the reader, 
Albeggiani points out its partial resemblance to that of 
(Q,+G,+ .. . +p)"; 
and on account of the latter eeeaeat being better known he 
uses it as a mnemonic to recall the former. He thus writes his 
own theorem in the ultra-symbolic form 
A” = (A +A+... +A)", 
the implied instruction being that the se power of 
Dy Aon. Ny 
is to be found in the usual way, and that then every term of it is 
to be suitably changed ; for example, 
n y a T . a qT 
C= re 25 DUNO SEONG on, 


Pp iy Nd 


(n) 


where it has to be noted as another point of analogy that the 
number of terms under the ~ is represented by the coefficient 
m!/al!@B!... 2! which the 2 displaces. 

Consideration is next given to another ultra-symbolic form and 
to certain rather fanciful applications (pp. 13-24); and finally 
a re-examination is made (pp. 24-32) of Siacci’s theorems and 
deductions, some of which had been the original cause of Albeg- 
giani’s investigations. 


GARBIERI, G. (1874). 


[1 DETERMINANTI, con numerosi applicazioni. Parte Prima. Utile 
agli studiosi di matematica nei primi corsi universitari. xiv+ 
267 pp. Bologna.] 


In bulk this exceeds all previous Italian text-books except 
Trudi’s (1862) ; and, as appears from the title, it was intended to 
be much larger ; the Second Part, however, has not been published. 
Notwithstanding its greater fullness and general soundness, it 
cannot be said to show a marked advance in any particular. Of its 
twenty-two chapters the number strictly devoted to the theory is 
less than half, much space being given to geometrical * and alge- 


fe * Those interested in such applications will find a valuable paper of this year 
by Frobenius in Credle’s Journ., |xxix. pp. 185-247. 
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braical illustrations. The selection of matter is also somewhat 
arbitrary, some forms of special determinants being treated with 
considerable fullness and others not even mentioned. 

Under the head of general determinants very little falls to be 
noted. The expansion of | a,b,c,| in terms of zero-axial deter- 
minants is reached by viewing the first row as being 

a,+0 0+a, 0+4s3, 
and partitionmg the determinant into two; then treating the 
second of these two in similar manner; and soon. The procedure, 
however, is not so methodical as to suggest generalization.* There 


is also a fresh proof of the multiplication-theorem (pp. 155-158), 
but the importance attached to it by Garbieri is scarcely warranted. 


GUNTHER, S. (1875). 


[LeHRBUCH DER DETERMINANTEN-THEORIE, fiir Studirende. vii+ 
236 pp. Erlangen. ] 


Giinther’s aim was, like Trudi’s, to produce a fairly compre- 
hensive text-book less condensed than Baltzer’s and in general 
more suitable for learners. Like Trudi, therefore, he ended by 
writing a lengthy book. 

The first distinguishing feature of it is a fluently written and 
interesting chapter (i.) of thirty pages on the early history of the 
subject. This deservedly brings Rothe into notice, but in the 
desire for comprehensiveness does the same somewhat unnecessarily 
for Euler. A less justifiable peculiarity is a chapter (iv.) on cubic 


*There exists an intermediate expansion of |aj,| which might well find a 
place in elementary text-books, namely, that in which each diagonal element, 
Grr, is accompanied by the determinant evolved from A,, by putting therein 


zeros in place of @;, Qo, . - ., Gr—1, r-1,; for example: 
A, My Ay %| = My] bocdy| + by Gg My] + Cg} + My % 
Bb; Us0 band, Cj Ca ueC4 Oa noe 
Cy, pCa, Ce ei Ce las d, ds a, d, dy 
d, a ad, a, + dy My, as| + GQ, Ay %& 
b, “4 b, (Seoat in 
Chi Chas C) Cy 
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determinants ; this, however, in the second edition he was well 
advised in relegating to a less prominent position. A third note- 
worthy characteristic is the assigning of a whole chapter (vi.) of 
thirty pages to Kettenbruchdeterminanten. The geometrical appli- 
cations extend to only twelve pages. And, lastly, we may mention 
that, there being no footnotes, the bibliographical references are 
collected at the end of each chapter, where they: form rather 
formidable-looking lists. 

So far as general determinants are concerned, there is nothing 
fresh to note. 


MANSION, P. (1874, 1875, 1876). 


[Principes de la théorie des déterminants, d’aprés Baltzer et Salmon. 
Nouv. Corresp. Math., i. pp. 114-128, 170-178, 206-222. ] 


[ELémENTS DE LA THEORIE DES D&rERMINANTS, d’aprés Baltzer et 
Salmon. 44 pp. Mons.] 


[INTRODUCTION 4 LA THEoRIE pes Dérerminants. A l'usage des 
établissements d’instruction moyenne. 24 pp. Gand.] 


The second of these is a separate publication of the first; it 
is a singularly clear though short exposition with a sufficiency of 
worked and unworked examples to make it very suitable for use in 
schools. Nothing so good for beginners had as yet appeared in 
French. The third, as may be guessed, is still more elementary, 
having its origin in notelets contributed to the Revue de l’ Instruction 
Publique en Belgique (1875, 1876). 


GUNTHER, S. (1875). 


[Didaktische Bemerkungen zur Determinantentheorie. Zeitschrift 
f. math. u. naturw. Unterricht, vi. pp. 138-150.] 


The remarks concern (1) the cofactor of a single element, or of 
the product of two or more elements, (2) special cases arising in 
the solution of simultaneous linear equations, (3) zero-axial skew 
determinants of even order. Under the last head the attempted 
proof of Cayley’s property is based on a surprisingly questionable 
lemma. 
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HAMBURGER, M. (1875). 


[Zur Theorie der Integration eines Systems von 7 linearen par- 
tiellen Differentialgleichungen... Crelle’s Journ., Ixxxl. pp. 
243-280. ] 

Incidentally (pp. 265-266) Hamburger states that the number of 
independent relations of the type 


lfg|-|hk| — |fhi-lgk| + [fk|-lgh| = 0 
or (f,g,h, k) = 0, say, 


between 2-line minors of a 2-by-n array is }(n—2)(n—3), that is 
to say, the number of different sets of four columns in which two 
fixed columns always appear ; and what he claims to prove is that 
if |12| be not 0 and for all values of g from 3 to n|1g| and |2g| 
be not simultaneously 0, then all the relations in question are 
deducible from those of the type (1, 2, h, k) = 0. The simple 
facts are, that from the equations 


|12|-[hk| — [1A|-[2k] + [1k] [2h] = 0 
112|-[Ag] — [Leg] + [gl 1241 = | 
J12|-|gh] — [lgl-12hl + [1A|-[2g] = 0. 


by using the multipliers |lg|, |1h|, |14|, and adding, there is 


obtained 
|12| - (Ighk) = 0; 


and having thus got 
(1ghk) = 0, (lgfh) = 0, (Ighk) = 9, 

there is similarly deducible 

|1g| + (fghk) = 0. 
Again, instead of (lghk) = 0, we might equally easily have got 

(2ghk) = 0, 

[2g| - (fghk) = 0. 

Provided therefore |lg| and |2g| be not simultaneously 0, it 


follows that 
(fghk) = 0. 


and thence 
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BELLAVITIS, G. (1875). 


[Determinanti e loro uso nell’ eliminazione. Atti del R. Istituto 
veneto, (5) i. pp. 1180-1182. ] 


This is merely a portion of a useful subject-index of Bellavitis’ 
writings. Besides those to which we have in the foregoing directed 
attention he makes mention of his fifth, sixth, seventh and eighth 
‘riviste di giornali,’ as bearing on determinants. These appeared 
in the Atti for the years 1862-1866. 


BALTZER, R. (1875): SALMON, G. (1876). 


[THEORIE UND ANWENDUNG DER DETERMINANTEN....  Vierte 
verbesserte Auflage. viii+247 pp. Leipzig.] 
[Lessons IntRopucToRyY To THE MopERN HiaHer ALGEBRA.... 
Third edition, xx+318 pp.  Dublin.] 

Though the space devoted by Baltzer to the ‘Theorie’ is the 
same as in the third edition, quite a large number of changes, 
condensations and additions have been made. The most note- 
worthy change appears at the outset, where, probably as a 
consequence of Becker’s criticisms, the sign of a term is settled 
by considering the inversions of order both in the series of row- 
numbers and in the series of column-numbers, + or — being taken 
according as the two series belong to the same or different classes 
of permutations.* Two questionable alterations in the choice of 
technical terms are made, namely, ‘sub-determinant ’ for ‘ partial 
determinant,’ and ‘adjugate’ for ‘complementary.’ Generally, 
however, the changes are for the better. The matter is as condensed 
as ever. 

In the third edition of Salmon the first six chapters are in- 
creased, but as in Baltzer the added matter had already appeared 


elsewhere. 


LEGGH, A. DI (1874). 


[ Teoria dei Determinanti. pp. (?) Roma.] 


* This change first appeared in 1872 in his Hlemente d. Math., i. p. 144. 
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STUDNICKA, F. J. (1875, 1876): MELLBERG, E. J. (1876). 


[O pavodu a rozvoji nauky o determinantech. Casopis pro pesto- 
vant math. a fys., v. pp. 1-9, 88-91, 193-199, 279-281.] 
[Augustin Cauchy als formaler Begriinder der Determinanten- 

Theorie. Eine literarisch-historische Studie. Abhandl. . . . Ges. 
d. Wiss. (Prag), (6) vii. 40 pp.] 
[TrorIN FOR DETERMINANT-KALKYLEN. 121 pp. Helsingfors. | 


The first of these is either a preliminary sketch or an epitome of 
the second, and the interest of all of them is in connection with 
the history of the subject. 

Mellberg’s dissertation, it is true, devotes about seventy pages 
to an exposition of the theory and its applications, but these are of 
little moment compared with the fifty pages which precede. His 
plan is to enable the reader to judge for himself as to the exact 
nature and amount of the contributions of the early writers by 
giving the actual words of the relevant passages in their works. 
In this way Leibnitz, Cramer, Bezout, Vandermonde, Laplace, 
Lagrange, Gauss, Binet and Cauchy are dealt with, after which 
he makes short references to Jacobi, Spottiswoode, Brioschi, 
Baltzer, ete. 

Studnivka’s memoir, although avowedly seeking to establish a 
special thesis, is constructed on the same model as Mellberg’s. 
His list of authors is the same, save for the inclusion of Rothe and 
the omission of Binet. For the sake of additional clearness he 
appends to the account of each one’s work a concise statement of 
what was essentially new in it, and before entering on the subject 
of Cauchy’s memoir he gives a summing up of these epitomes. 
The result is a very readable and fair-minded ‘ study.’ 

The two publications, and especially Studnicka’s, must have had 
considerable influence in spreading clearer and truer views of the 
early history. Their independent and practically simultaneous 
appearance,—Mellberg’s dated the lst of March and the other 
the 24th—show that it had begun to be felt that curt historical 
footnotes, which necessarily appear in the order fixed by the writer 
of the text-book for the purposes of exposition, have a tendency 
to mislead. 


DETERMINANTS IN GENERAL (DIEKMANN, 1875, 1876) 59 


DIEKMANN, J. (1875, 1876): FALK, M. (1876): 
GULDBERG, A. S. (1876). 


[Die Determinanten als Unterricht auf Gymnasien und Realschulen. 
Zeitschrift f. math. u. naturw. Unterricht, vi. pp. 1-21, 124-137, 
193-211.] 

[EINLEITUNG IN DIE LEHRE VON DEN DETERMINANTEN, und ihre 
Anwendung auf dem Gebiete der niederen Mathematik. Zum 
Gebrauch an Gymnasien, Realschulen u. andern hdhern 
Lebranstalten, sowie zum Selbstunterricht. viii + 88 pp- 
Essen. ] 


[LARopok 1 DETERMINANT-TEORIENS FORSTA GRUNDER, for hégre 
laroanstalter och till sjelfstudium. iv-+96 pp. Upsala.] 
[DETERMINANTERNES TEORI. Udgivet med bidrag af videns- 
kabernes selskab i Trondhjem. viii+88 pp. Kristiania.] 


In his first publication Diekmann pressed on teachers his views 
as to the part that ought to be taken by determinants in a school 
course ; he then almost immediately after brought out a booklet 
planned and written in accordance therewith. Less than a third 
part of the exposition is devoted to determinants pure and simple, 
but the little elementary knowledge thus acquired is utilized to the 
utmost in the remaining pages. In some respects it is not an 
advance on similar booklets already in use. The general question 
which he raised, however, was both timely and appropriate, and 
was certain sooner or later to be amply discussed by intemperate 
advocates of a novelty and by natural opponents of change. 

Falk’s publication, though meant for the same kind of readers 
as Diekmann’s, is of a quite different character, about two-thirds 
of it being occupied with the establishment and illustration of 
tweive carefully formulated theorems, including three on Jacobians, 
and the remainder with forty exercises, worked and unworked, 
culled from well-known sources. 

Guldberg’s is still less of an elementary introduction, being indeed 
a reversion to an earlier type and intended apparently for such 
readers as Brioschi and Baltzer had in view. It makes no pre- 
tensions to freshness of manner or matter. 
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WRIGHT, W. J. (1875): KEMPER, D. (1876) : 
STUDNICKA, F. J. (1876): MULLER, H. (1876). 


[Tracts relating to Modern Higher Mathematics. Tract No. 1, 
DETERMINANTS. vili+72 pp. London.] 


[Determinants. The Analyst, ii. pp. 17-24.] 


[Poédtkove nauky o determinantech. Casopis pro pestovdnt math. 
a fys., Vi. pp. 49-58, 97-105, 201-211. ] 
[KurzE UND SCHULGEMASSE BEHANDLUNG DER DETERMINANTEN. 
19 pp. Metz.] 


Everywhere except on the title-page Wright’s tract is styled 
‘Elementary.’ It is of course more commonplace in its character 
than its immediate predecessor in English, Dodgson’s (1867). If 
Todhunter’s sketch in his ‘ Theory of Equations ’ had been published 
separately, it would have been much preferable to Wrights ; the 
latter, however, is somewhat more extended in range. 

The others are very elementary. 


GUNTHER, 8. (1876): HOZA, F. (1876). 


[Das allgemeine Zerlegungsproblem der Determimanten. Archiv 
d. Math. u. Phys., lix. pp. 130-146. ] 
[Piéspévek k theorii podiizenych determinantu. Casopis pro 
pestovdnt math. a phys., vi. pp. 21-84; or, in German, Archiv 
d. Math. u. Phys., lix. pp. 387-400. ] 

Both these papers concern Laplace’s expansion-theorem, their 
claim to attention beg based on fullness of exposition and illus- 
tration. Taken together they occupy thirty pages of one and the 
same volume of the Archiv. In the former, which is the more 


ambitious, the question of the sign-factor is made a rather serious 
matter.* 


*In this connection 1 take the opportunity of noting an unseen school-program 
published at Danzig in 1868: Neumann, Ueber Vorzeichensbestimmung in 
Formeln der Determinantentheorie. 
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JANNI, V. (1876, 1879). 


{Lezion1 pi ALGEBRA CoMPLEMENTARE: Teoria dei Determinanti. 
(v)+50 pp. Napoli.]* 

[Lxzion1 pI ALGEBRA COMPLEMENTARE. (viii)-+228 pp. Napoli.]* 

For its extent (50 pp.) this is an unusually pleasing exposition. 
Most of the points worth noting, however, have already been 
attended to in dealing with the same author’s paper of 1874. 

Trudi (1862) is followed in making the sign of a term of a deter- 
minant dependent on the combined number of inverted-pairs in 
the two sets of suffixes ; but Janni shows in addition that the inter- 
change of two double-suffixed elements will make no alteration in 
the sign as thus determined ; that therefore the order in which the 
elements may happen to be taken in the formation of the term is 
of no real consequence ; and likewise that this order may be made 
such as to necessitate the counting of inverted-pairs in only one 
of the two sets of suffixes. 

Trudi’s theorem regarding a partitioned permutation is estab- 
lished only for the case in which the permutation 


Ua eed pall Oneises alin 
has no inversions in either of its two parts taken separately, and 
where, therefore, the total number of inverted-pairs is 
a,ta,t ... +an—3m(m+1); 
but Janni proceeds to take another permutation 
BiB. +++ Bm| Bm +++ Bn 
similarly partitioned and similarly in part arranged, and, asserting 
that the number of its inverted-pairs is 
Bi+B, +--+ + Bm—Fm(m+1), 
is thus able, by reason of m (m-+1) being even, to conclude that the 
combined number of inverted-pairs in the two permutations 
Ogee Ope Cry ey, 


BBs Se ee Bm | Bins ie Se Pa 


* The first of these books seems a sort of trial edition of cap. i., ii., iii, (pp. 1-64) 
of the second ; but in neither is reference made to the other, and the publishers 


are different. 
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is even or odd according as 


ad tag+..- +on+ 8, +Bot..- +8m 


is even or odd. The application which he afterwards makes of this 
in connection with Laplace’s expansion-theorem will be readily 
guessed. 


LAGUERRE, E. (1876). 


[Sur la méthode de Monge pour l’intégration des équations linéaires 
aux différences partielles du second ordre. Nouv. Annales 
de Math, (2) xv. pp. 49-58.] 


The first section of the paper (pp. 49-53) is occupied with a pure 
problem of determinants, namely, the finding of values for 
a, b, c, d, a, B, y, 6 so that 


as | 
8 | 
wb cra | 
y 


R 
Ee) 
Co 


may represent 

Hr+2Ks+Lt—M+N (7t—s°). 
The problem is solved, and the relation between two solutions 
discussed. 


FROBENIUS, G. (1876). 
[Ueber das Pfaffsche Problem. Crelle’s Journ., \xxxii. pp. 230-315. ] 


Frobenius having to deal with the vanishing of the minors of a 
skew determinant takes a, step backward (§ 4, pp. 239-241) to the 
consideration of determinants in general. 

He first gives an interesting proof of the fundamental theorem 
regarding the evanescence of an array. For better means of com- 
parison between it and Dodgson’s proof, let us apply it to the same 
simple case, namely, where the array to be proved evanescent is 


am b & dh gy 
G, 0g C3. dau 5 
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with the data 

| Ayb, | aa 0, 
| a,b.d5 | = 0, 
In effect Frobenius says that by reason of data (2), (3), (4) we know 
that for any values of a, y, z 


| abc, | = 0, | ab,e3 | = 0. 


A Ag AX+A:Y--A5% 
b, 6, ba+by+b,z | =0, 
Cy Cy CX + CoY + Coz 
Gy Ay, AX+ Ay +452 
b, b, b,2+by+b,z| =0. 
d, d, d,x+d,y+dqz 
A Uy AX+AiY-+-A32 
b, b, byw-+byy+b5z| =0, 
Q Cg OL OXY C32 


But, then, by reason of datum (1), values of x, y, z can be deter- 
mined so as to make simultaneously 

A,0+-AgYy +32 = 0) 

b,x +byy+b3z OJ; 
and, therefore, from the preceding three equations, with the help 
of (1), the same values of z, y, 2 will make 

CU + Co C32 = 0| 

d,x+dy+td ze = 0; 

€,0 +e,y +e32 = o| 
The existence of these five equalities, exactly as in Dodgson’s 
proof, involves the evanescence of the given array. 

Frobenius then proceeds to establish a fresh theorem on the 
subject, namely, that if in an oblong array all the (m-+-1)-line minors 
vanish, the m-line minors formed from any set of m rows are propor- 
tional to the corresponding minors formed from any other set. We 
may note, however, that this may be best viewed as an extension 
of the theorem that if a determinant vanishes, any two rows of the 
adjugate are proportional, and that a proof on the same lines is 
readily devisable. A second theorem which he gives is an easy 
deduction from the first, namely, that if in an oblong array all the 
(m-+1)-line minors vanish, and tt be possible to choose a set of m rows 


I 
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whose m-line minors do not all vanish and a set of m columns with the 
same property, then the m-line minor common to the two sets cannot 
possibly vanish. What follows on this mainly concerns skew deter- 
minants, and is therefore dealt with elsewhere. 


HOZA, F. (1876). 

[Ueber das Multiplicationstheorem zweier Determinanten n-ten 
Grades. Archiv d. Math. u. Phys., lix. pp. 403-406; or, in 
Czech, Casopis pro péstovint math. a fys., vi. pp. 87-89.] 

The procedure is that adopted by Janni (1873), and is not more 
effectively carried out. 


HOZA, F. (1876). 


[Ueber Unterdeterminanten einer adjungirten Determinante. 
Archiv d. Math. u. Phys., ix. pp. 401-403. ] 


This is simply the ordinary proof (Cayley’s, 1843) with fuller 
details and explanations for the benefit of begimners. 


JOHNSON, W. W. (1876): DICK, G. R. (1878) : 
TANNER, H. W. L. (1879). 


[On the determination of the sign of any determinant. Messenger 
of Math., vii. p. 59.) 
[On the sign of any term of a determinant. Educ. Times, xxxi. 
p. 161; or Math. from Educ. Times, xxix. pp. 99-100. ] 
[On the sign of any term of a determinant. Messenger of Math., 
ix. pp. 51-52.] 

Johnson’s rule and Dick’s are both to be found in Cauchy (1812), 
the one being that in which circular substitutions are counted, and 
the other that connected with the difference-product. 

Tanner’s is of considerably more interest. If the determinant 
be | a, |, and the sign of @5,43944;45;, be wanted, he writes the 
row-subscripts of the determinant and under them the column- 
subscripts, both in their natural order, thus 

a Ber By 
Pee eee ee sk 
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then the first element in the given term being a,3, he draws a straight 
line connecting 1 in the first group with 3 in the second, similarly 
2 im the first group with 1 in the second, and so on: lastly he counts 
the number of intersections of the connecting lines, and makes 
the sign -+ or — according as the number is even or odd. 

No justification of Tanner’s rule is given. It is not difficult, 
however, to see that it is an old friend (Cramer) with a new face, 
what is counted being the number of inverted-pairs in 31254. 


CAYLEY, A. (1877). 


[Note on a theorem in determinants. Quart. Journ. of Math., 
xv. pp. 55-57; or Collected Math. Papers, x. pp. 265-266. ] 
Cayley here gives what he calls the ‘ proper’ proof of an identity 
first noted by Fontaine in 1748, namely, 


a a aes G& Gy Gs 
«ay ee Ce SE Ty 
< My. Gg Gy UI TOR 
eed oe, riimetimorin 


= | ab, || @3b4| — |41b3|| 4x04] + | trbal| abs], 
marking it like Bezout (1779) as the first of a series by proceeding 
to give 


etme es ax @, Uy Gg Gy As Og 
as PA ES Fame ee a ee ee 
Oa ee Oe CR Me 
bs b, bs Oe 05, ,.0, 0-05 oe; 
Cr bcp cr Ce, CnC ee Cee. 
= |ayb2C5||@4b5C4| — |@yb204|*|@3b5C6] + |4102¢5|°|¢3baCg] — |@rb2|| 430,05], 


or, as he writes it, 

0 = 123-456 — 124-356 + 125-346 — 126-345. 
Instead of following the matter up so as to include Sylvester’s 
theorem of 1851, he ends his note by recording the fourteen other 
like identities connected with a 3-by-6 array, and remarking that 
only five such relations between the ten products are independent. 
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It is convenient to state here that in the following year, in the 
course of a short remark on Tanner’s paper of 1878, Cayley asserts 
the existence of the very important theorem afterwards known as 
the Law of Complementaries. (See under Skew Determinants. ) 


GUNTHER, §. (1877): SALMON, G. (1877) : 
SERRET, J.-A. (1877). 


[LesRBucH DER DETERMINANTEN... Zweite durchaus umgear- 
beitete, vermehrte und durch ein Aufgaben-Sammlung be- 
reicherte Auflage. xii+209 pp. Erlangen. ] 

[VoRLESUNGEN ZUR HINFUHRUNG IN DIE ALGEBRA DER LINEAREN 
TRANSFORMATIONEN. Deutsch bearbeitet von Dr. Wilhelm 
Fiedler. Zweite Auflage. xiv+477 pp. Leipzig. ] 

[Cours p’ALcEBRE SupirieuReE. 4° éd. Tome i. xiv+649 pp. 

Paris. | 

Giinther’s second edition is all that the title-page proclaims it 
to be. The historical sketch is improved and lengthened by in- 
sertions in reference to Hindenburg, Reiss, Grassmann and others, 
and by giving deserved attention to Studni¢ka’s views of the pre- 
ceding year. In the chapter on general determimants additional 
readable notelets on minor matters are introduced; for example, 
the paragraph (§5, p. 38) on the effect which is produced on a 
determinant by reversing the order of its rows or the order of its 
columns or the order of both. The bibliographical references at the 
end of this chapter are also largely increased; the same, indeed, 
is true of the whole. The Collection of Exercises (pp. 195-207) 
includes sixty-six items ; and it is followed by a two-page List of 
Text-books in a variety of languages. 

The second German edition of Salmon follows closely (pp. 1-66) 
the third English edition, the additional matter consisting almost 
entirely of illustrative examples. 

Serret devotes a chapter (pp. 527-598) to determinants and certain 
of their algebraical applications. The latter are the more interest- 
ing, the subjects dealt with bemg the discriminant (still called 
‘Vinvariant’) of a quadric, the transformation of a quadric, Sturm’s. 
theorem and its application to Lagrange’s determinantal equation. 
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BOURGET, J. (1877): DOLP, H. (1877) : 
TEIXEIRA, F. G. (1877): ZELEWSKI, A. (1877). 


[Principes élémentaires sur les déterminants,... Journ. de Math. 
Elém., 1. pp. 5-11, 33-37, 193-194. ] 

[Diz DETERMINANTEN,... 2te Auflage, bearbeitet von W. Soldan. 

iv-+94 pp. Darmstadt. ] 

a ogoes elementares sobre a theoria dos determinantes. Jorn. de 
Scr. Math. e Astron., i. pp. 138-141.] 

[THrory oF Determinants, with Applications. (In Polish.) x+ 

191 pp. Krakow. ] 

In regard to the first three of these no remark is necessary save 
that the second edition of Délp’s booklet is an improvement on the 
first, the changes including (pp. 18-19) a variant of Becker’s proof 
of 1871 regarding the interchange of rows and columns. The fourth 
I have not seen. 


STUDNICKA, F. J. (1877). 
[Beitrag zur Determinanten-Theorie. Sitzungsb.... Ges. d. Wass. 
(Prag), pp. 120-125.] 
The main object of the paper is to advocate the use of 
(AyAnn—AinAm) + | 422+ + - n-1,n-1| 
as a means of evaluating | a4 ..- Ann |. The application of it 


to obtain a result in continuants and another in skew determinants 
had already been made (Brioschi, 1856: Trudi, 1862). 


DOSTOR, G. (1877). 


[ELEMENTS DE LA Tutoris pes DiérerMinants, avec application 
& Valgébre, la trigonométrie et la géométrie analytique dans le 
plan et dans espace, a l’usage des classes de mathématiques 
spéciales. xxxi+352 pp. Paris. j 

Up till the appearance of Dostor’s work no text-book in French 
had been available for students save the translations of Brioschi 
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and Baltzer. It is consequently the more to be regretted that the 
new author does not show that great advance upon his predecessors’ 
work which might reasonably have been expected. Although it 
is the lengthiest text-book as yet published, a disproportionately 
large part of it (195 pages) is assigned to so-called ‘ geometrical 
applications,’ so that only about 155 pages are occupied with the 
treatment of the theory. Further, since much of this is taken up 
with rather prolonged explanations and with so-called theorems 
like that of 1874, some important parts of the theory have received 
insufficient attention or none at all. It is regrettable to note also 
that notwithstanding the pains which he takes to be helpful to the 
beginner he is not always a safe guide. For example, he quite 
irrelevantly brings in the subject of ‘ magic squares’ (pp. 55-58 ) : 
he is hopelessly wrong in evaluating a particular three-line deter- 
minant (p. 62); and he affirms (p. 75) that 


LeeLee | 
| @ a, as | 
lb ade and | @ @ @, 
ares b, by by | 


are equivalents. 


D’OVIDIO, E. (1877). 


[Le funzioni metriche fondamentali negli spazi di quante si vogliano 
dimensioni e di curvatura costante. Atti... Accad. dei Lincei : 
Memorre, (3) 1. pp. 929-986. Abstract in Math. Annalen, xii. 
pp. 403-419. ] 


At an early stage in this extensive geometrical investigation the 
author has to deal with the determinants of an m-by-n array, and 
having shown that they involve (n—m)m quantities that are 
absolutely independent, he concludes (p. 940) that they must be 
connected by 

(2)m — (n—m)m — 1 
relations, from which all the other relations are deducible. 

This formula, it should be noted, has never been associated with 
the name of d’Ovidio. Even in Italy of the twentieth century 
it is spoken of as Vahlen’s formula of 1893. 
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MATZKA, W. (1877). 


[Grundziige der systematischen Einfiihrung und Begriindung der 
Lehre der Determinanten, vermittelst geigneter Auflésung der 
Gruppen allgemeiner linearer Gleichungen. Abhandl. d. k. 
Béhm. Gres. d. Wiss., (6) ix. 61 pp.] 

What is fresh in this interesting memoir is the mode in which 
the student is introduced to determinants and becomes acquainted 
with their fundamental properties. The set of equations 


A,L+AY +A32+AqU+A50+... = A, 
b,2+b,y+b2+bu+bv+... = b, 
CyL+- Co +- Caz +-Cyu-+cv+... = CG, 


is proposed for solution, and by multiplication and subtraction 
x is eliminated between every adjoining pair of them, the oppor- 
tunity being taken to give a definition of a determinant of the 
second order and to use Laplace’s notation for the same. From 
the resulting set of equations 


[aqboly + |abg|z + |abglu + Wee eaiy Husa 
[O,c.|y¥ + | be,|2 + | byeglu + [becs[v +... | Bye, |; 
jadsly + lads|2 + ledylu + ladslo +... led | 


y 1s eliminated in like manner, the consequence being that some- 
thing more is learned regarding two-line determinants, and an 
opportunity is given for using 

| %b,¢g| instead of ag|byco| — dslac| + Cg|a%40-| 
and calling it a determinant of the third order. The second derived 
set of equations 


| Qybycg| 2% + |aybycg|u + |abcslv +... = | ade, 4 
[Oyeedg [2% + [Oyeodylu + |[deds|v +... = | bed|, f 
ieee, (2 + [ede,(u + fede,[o +... = | dye, 4 


is next treated in similar fashion, and with the like gains to know- 
ledge. A halt is made on reaching the fourth derived set at the 
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close of the 17" quarto page, and the opportunity is taken to 
ascertain, besides other things, what had incidentally been learned 
about the solution of two equations with two unknowns, three 
equations with three unknowns, and so forth. 

After this introduction there comes a chapter (pp. 22-42) which 
establishes the basic properties of determinants; then one (pp. 
42-46) which recurs to the work of the first, rounding it off by 
consideration of the (n—1) derived set of equations; and finally 
a chapter (pp. 46-61) which treats of the solution of linear equations 
by the method of ‘ undetermined multipliers.’ 

The procedure throughout is not at all of the stereotyped kind. 


PAIGE, C. LE (1877): JAMET, V. (1877). 


(Sur la multiplication des déterminants. Nowy. Corresp. Math., 
ili. pp. 141-144, 247, 275-276.] 

The row-by-row product of D, by D, being A, Le Paige, founding 
on the fact that A vanishes if two columns of D, be identical, con- 
cludes that D, is a factor of A; then similarly that D, is a factor ; 
and finally that the cofactor of D,D, in A is 1. 

To this Jamet naturally objects that the vanishing of D, does 
not necessarily entail the identity of two of its columns, and that 
therefore the demonstration is imperfect. 

Le Paige returns to the subject, and from the vanishing of D, 
draws this time a less objectionable conclusion which leads him to 
the vanishing of A, after which he proceeds with this proof as before. 


FROBENIUS, G. (1877). 


[Ueber homogene totale Differentialgleichungen. Orelle’s Journ., 
Ixxxvi. pp. 1-19.] 


At the bottom of the first page Frobenius introduces his use of 
the word ‘ Rang’ as applied to a determinant, his definition being 
that if in a determinant all the minors of the (m+1)" order vanish 
but not all those of the m order, the determinant is said to be of the 
m” ‘Rang.’ It is seen to be the same as the order of Rouché’s 
‘ critical minor,’ the latter, however, being from the first not confined 
to a determinant but used in connection with any oblong array. 
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SCHERING, E. (1877, 1878). 


[Analytische Theorie der Determinanten. Abhandl. d. k. Ges. d. 
Wiss. (Gottingen), xxii. 41 pp.] 
[Théorie analytique des déterminants. Comptes Rendus ... Acad. 
des Sct. (Paris), xxxvi. pp. 1387-1389. ] 


This is an imposing memoir founded on a supposedly fresh 
definition. In essence, however, it involves nothing new, the 
same fundamental idea having occurred to Scherk in 1825. All 
Scherk’s tediousness is consequently repeated: indeed, by reason 
of the use of subscripts that are themselves ‘ subscribed,’ Schering’s 
expressions quite outclass Scherk’s. The writing of a single term 
of an n-lme determinant occupies the whole breadth of a quarto 
page, as witness the following result which is reached on page 10: 

*“ Kin Glied der Determinante kann demnach immer in der Form 


ny, x 3 IL Gin = 14) (m= Ku) x BI (ha he)(a— a) x 3 IL (he, — ke)(b— 8) 


dargestellt werden,”’—where E is any element denuded of its com- 
pound suffix, and 3 is a function-symbol corresponding to Scherk’s 
¢, and being such that 3 (z) is equal to +1 or 0 or —1 according 
as x is greater than, equal to, or less than 0. The consequences of 
investigating in this notation Laplace’s expansion-theorem, the 
multiplication-theorem, and the properties connected with Cayley’s 
‘skew symmetry * may well be left undescribed. 


VOSS, A. (1877). 


[Zur Theorie der orthogonalen Substitutionen. Math. Annalen, 
xl. pp. 320-374. ] 

In the course of his work Voss arrives at a result which he recog- 
nises as being somewhat less general than Frobenius’ second theorem 
of the preceding year: and with a view to proof he takes the deter- 
minant | 6,, | and formulates the data 


(1) | brabesbss | = 9, 
(2) every four-line minor = 0, 
(3) | Oybo2bs3| = 0. 
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He then says that on account of (3) it is possible to determine 
L, Y, 280 as to have 
by +dypy +2132 = a 
box +Dys4 +b. 92 0 
by t+by+b5,2 = 0] : 
next that on account of (2) he can affirm that 
byt +byey +s? big bys bys | 
boy + Dost t+bo3% ba4 a5 Day | eee 
| 


I 


byt +ba4+b352 Deg b35 dug 
bx +b, oy So b.2 bas bs bs 


where «, y, z have any values whatever and « is 4 or 5 or 6; and in 
the third place that by giving a, y, z the special values alluded to 
and using (1), he is entitled to conclude that 


6, t+6,.y+b,.2 = 0. 


This means that multiples of the first three columns of the given 
six-line determinant can be taken whose sum is 0, and therefore 
that every three-line minor formable from the said columns vanishes. 

Since in the special case to which Voss had been led by the subject 
of his paper the three-line minors form either an axisymmetric or 
a skew array, the result reached involves the vanishing of |b 410500, |, 
and therefore is at variance with (1). His view in regard to this 
is that, if on the supposition, along with others, that a certain magni- 
tude does not vanish, you can prove that it does vanish, then vanish 
it must. 


BARTL, E. (1878). 


EINLEITUNG IN DIE THEORIE DER DETERMINANTEN. Zum 
Gebrauch an Mittelschulen sowie zum _ Selbstunterricht. 
iv-+-96 pp. Prag. ] 

The space which Délp gave to geometrical applications is occupied 
by Bartl with additional explanations and illustrations. The 
latter writer, indeed, is effusively helpful to the beginner, six 
pages being devoted to determinants of the second order, and 
eighteen pages to those of the third and fourth orders, as a pre- 
paration for the study of the general properties 
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MANSION, P. (1878): SERSAWY, V. (1878): 
ZAHRADNIK, K. (1878): MOLLAME, V. (1878). 


[ELEMENTE DER THEORIE DER DETERMINANTEN. Mit vielen 
Uebungsaufgaben. iv+50 pp. Leipzig. ] 

[Diz FunpaMENTE DER DETERMINANTEN-THEORIE. Zum Ge- 

brauche fiir das erste Studium. vi+42 pp. Wien.] 

[O DreTerMInantin drugoga i trecega stupnja. Za porabu visih 
srednjih ucilista. vii+39 pp. Zagreb.] 

[I Dererminantt, e loro applicazioni all’ algebra ed alla geometria 

analitica. Nuova esposizione elementare. xii+125 pp. Napoli.] 


Of these class-books the one which most invites attention is 
Mollame’s. Notwithstanding its bulk it does not go deeply into 
the theory, seventy-two pages being given over to algebraical and 
geometrical applications ; but the remaining fifty-one pages give 
a very clear and attractive exposition well suited as an introduction 
for university students. 

Sersawy, who apparently writes for the same class of readers, 
gives much less matter and is less concerned with explanation and 
illustration : his work shows no advance. 

The German edition of Mansion’s Eléments is an improvement 
on what we have already seen to be good. 

Zahradnik’s little introduction confines itself in the main to 
leterminants of the second and third order. 


GARBIERI, G. (1878). 


Intorno al trattato sui determinanti del Prof. Sigismondo Giinther. 
Bull. di Bibliogr. e di Storia delle Sci. mat. e fis., x1. pp. 257-318. ] 
In the sixty-two pages of this ‘rivista bibliographica’ exactly 
hirty-one are devoted to an account of Giinther’s first chapter, 
vhich, it will be recalled, deals with the history of the subject and 
vhich itself contains only thirty-one pages in the original. Gar- 
jieri’s role is almost that of a mere reporter, his main additions 
eing due to the editor’s practice of pedantically giving the full 
itle-page of every writing referred to. He also makes several 
orrections. 
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SCHOLTZ, A. (1877-8). 

[Sechs Punkte eines Kegelschnittes. Archiv d. Math. u. Phys., 
Ixii. (1878), pp. 317-324; or Miiegyetemi Lapok, ii. pp. 65 et seqq.] 
Like Brill (1871), Scholtz requires for geometrical purposes the 

case of Schlafli’s theorem of 1851, in which n, r = 3, 2. His proof 

(§ 2, pp. 319-321) is not essentially different from Brill’s. 


FALK, M. (1878). 


[Elementary demonstration of the theorem of multiplication of 
determinants. Report... British Assoc.... xlvii. pp. 473- 
475. ] 

Falk’s mode of proof is the gradational,—that is to say, he shows 
that, if the theorem holds for determinants of the (n—1)™ order, 
it will also hold for determinants of the n order. It is put forward 
as an improvement of what he calls Brioschi’s, but which is really 
Spottiswoode’s. A sufficient idea of it will be obtained by con- 
sidering the case where n is 3. Manifestly we have 


MR YYIAtAL, = | L%Y22 | 
UX, + YY, +22, = 0 
@gXy+Y3Vi+2%3L, = 0 iF 
and thence by multiplication and addition 
(yy +-1g%_ +O gg) Xq + (AY, +o +323) Vy + (4% +924 Ag23)Z, = ay|x,y, 
(3,2 +B y%_-+b3tg)Xq + (By +242 +0323) Vy + (by2%+92%-+5%5)Z, = b, | ayy, 
(6424 + Cpip + C33) Xq + (Cy +CaY2+C323) Yq + (G42 +Co%+-C525)Z, = C1 | Lys 


Consequently, if the determinant of the coefficients of X,, Y,, Z, 
here be denoted by A, we obtain on solution 


I 


Ay UY FAgYo+A3Y3 2 +Ay%_ +A 32g 
by by +boxo+bsyg 042+ by%2+-D525 | 
1 1 Yr CYot+ CsYg C2 +Cy%_+C 325 | 
Ay AYoTAgY3  Ag%+A3%y 

by Dewfot+bsy Dy2q+d52g 

Cy CoWaC3Yg  Co®p+CaZs |. 


XA = | LyYo2%s | ° 


l| 


| X%Yo23 | ° 
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But the last determinant here is by hypothesis equal to 
Ay|BeC3||Yo%3| — Dylascs||yo%s] + Cr|aebs||yo2sl, 


2.€. |ab.C3|-| Yo%sI ; 


so that XA = |a,Yo%sl-|a1bo¢5|-| Yo2s] . 
and sk, == |2Yo%|+|@,b.C5| 


as desired. 


BARANIECKI, M. A. (1878). 


[TEoRYA WyzNnaczNikow (Determinantéw). Kurs uniwersytecki. 
xxii+600 pp. Paris.] 


In bulk Baraniecki’s text-book greatly surpasses all its pre- 
decessors. It contains 250 pages more than Dostor’s, and the 
disparity is enhanced by the fact that whereas the French writer 
gives 195 pages to geometry, the Pole gives only 48, relegating 
them, too, not unjustifiably to an appendix. This great increase 
is due to a variety of causes,—a broad-margined page, an occasional 
want of discrimination between the important and the unimportant, 
and a general tendency to fullness of exposition both in the text 
and in the working of examples. 

The first seven chapters (pp. 1-280) concern determinants in 
general; the last three (pp. 388-530) deal respectively with axi- 
symmetric, skew and functional determinants: and the remaining 
two (pp. 281-387) with linear equations and other so-called alge- 
braical applications. Besides the appendix just mentioned there is 
also one of sixteen pages dealing with cubic determinants. 

All the contents are to be found in earlier text-books, but the 
writer has fully assimilated his material, and the sources used are 
as a rule scrupulously specified. For Polish students unfamiliar 
with other languages the handsome volume must be a most useful 
repository. 

In view of the author’s general accuracy it is surprising to find 
him led away by Dostor in the definition of 
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VASCENKO-ZACHARCENKO, M. E. (1878). 
[TuErory oF DETERMINANTS AND THEORY OF Forms. (In Russian.) 
vi+501 pp. Kieff.] 

Ostensibly there is here devoted to the theory of determinants 
240 pages, but much of the space is occupied with algebraical matter 
that is not closely relevant. On the main subject there is nothing 
calling for attention. The tables of symmetric functions and 
eliminants at the end (pp. 220-240) are apparently reproduced from 
Salmon’s Modern Higher Algebra. 


WOLSTENHOLME, J. (1878). 


[MarHEMATICAL PRoBLEMs,. . . (pp. 275-280). 2nd edition. 
x+480 pp. London. ] 


Wolstenholme * gives the 5-by-6 array 


| ° Wel. Sean Oct 
|. Sate aeb 
ft sory a. eer coe 
pee ie AP Deere 
hz y 2% 


which conveniently illustrates Dodgson’s test for ‘ evanescence ’ 
(see above, p. 25). The first two primary minors can be shown 
to vanish by diminishing in each case the last row by the sum of 
the three immediately preceding rows, and they are easily seen to 
have a common 4-line minor which is not equal to 0. 


FALK, M. (1878). 
[Sur une propriété des déterminants nuls. Nowv. Corresp. Math., 
iv. pp. 373-376. ] 

The property in question is that if a determinant be equal to 0, 
it 18 possible to transform it so as to have a row or column of zeros. 
By way of proof it is pointed out that the determinant being | a,, | 
the number of sets of non-zero values of 2,, %,..., 2», which will 
make the expressions 

yy Xy +-AyQy ++ ers HA nLp , 

Ag, Xy Apgar.» + Agnhn 

:. ny Py + Ang + ses +GnnLp , 
* But it appears in Cambridge Univ. Exam. Papers, iv. (1875), p. 224. 
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vanish is known to be infinite, and that it is possible to have a set 
in which the value of one of the a’s, 7, say, is 1. This being accepted, 
it is easily seen what multiples of the other columns must be sub- 
tracted from the k in order to transform it into a column of zeros. 
The deduction is then readily made that to ensure the vanishing of 
a determinant it 1s necessary and sufficient that two of its columns have 
their elements proportional. 


DOSTOR, G. (1879). 
[Evaluation d’un certain déterminant. Archiv d. Math. u. Phys., 
lxiv. pp. 57-59.] 

The result is a theorem of the type of Catalan’s of 1846 and Tait’s 
of 1867, and is to the effect that the determinant got from | a4, | by 
dimimshing every row by the sum of all the other rows is equal to 

—(n—2)2" | ayy |. 


KONIG, J. (1879, 1877). 

{Em Beweis des Multiplicationstheorems fiir Determinanten. 
Math. Annalen, xiv. (1879), pp. 507-509; also, in Magyar, 
Miiegyetemi Lapok (Budapest), u. pp. 271-274. ] 

The determinant for the product of | 7.23 | and | a,b,c, | 1s got 
as the third of a series of results of which the first two are 


| Ye%s|°% = | 42% %% Xs 
Yr Yo Ys 
e% % 2%), 
and | 2Ye%3|°| ybe| = | GX +a—% 042, +b%2 Hs 


| AY +AeY2 Oy, +bsY2 Ys 
| Ay%t+Oe%_ yz +Oy% 23 
The first is manifestly true; the right-hand member of the 
second is got from that of the first by performing the operation 
col, + a,col,, | a,b, | col, + 0, col,, col, + a; 
and the right-hand member of the third is got from that of the 
second by performing the operations, 
col, + a,cols, col, + b,cols; 
| ayboc3 | cols — | byca| col, + | a | col, ; 
cols + | a,b, |. 
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BATTELLI, 8. (1878-9): LIT, R. R. (1879). 


[I primt ELEMENTI DELLA TEORIA DEI DETERMINANTI, con alcune 
applicazioni all’ algebra ed alla geometria. Sch. Progr. Rovereto. ] 
[BEGINSELEN VAN DE LEER DER DETERMINANTEN, met voorbeelden 
en toepassingen. vili+38 pp. Amsterdam. ] 
Both of these are quite elementary, and there is nothing about 
them more than their titles would lead one to expect. 


SIMONNET (1879). 


[Sur les conditions de l’existence d’un nombre déterminé de 
racines communes & deux équations données. Comptes Rendus 
.... Acad. des Sci. (Paris), lxxxviii. pp. 223-224. ] 

The basis of the special investigation here is a carefully formu- 
lated theorem in general determinants which we may put in the form 
Ldiml* Bur = Ane }Oinl ua As 1Omloaal to cee tee eee 
where | @m|, | 1, | are any two determinants; | A,, |, | By, | 
their adjugates; and | b,, |q),, What | b,, | becomes when its /*" 
row is supplanted by the first n elements of the s‘ row of | @, |. 
No proof is adduced ; but if, in order to gain breadth, we view the 
theorem as giving the product of two determinants of the p'® and 
q'" orders (p > q) in the form of a sum of products of two deter- 
minants of the (p—1) and (q+1) orders, there is no difficulty 
in establishing it, and its relation to previous work becomes 
more readily apparent. For example, when p, q = 4, 2 (or, when 
m,n = 4, 3), we have 


|aybeegd4| "| erfel= | a Gd Gy a . «| = ) Ory Gg. Og > hg Oe 
Dy gc One Dames | MS aire Lip —b, —b, 
CG Cy Cy C4 ! | Oy) Cg > Cyr Cay a Crvereete 
Oy .0se gees 7 | d, d, ds dy —d, —d, 
€; € @3 ; €Q; Cs | | €@& G& 63 
Pils as see fi Se! Ria fs 


= —| abyc, |-| dieefs | +| Aybed, |-| Ceo f's | 
— | Geo, |-| Dyeofg | + [bya 4 |-| aye2f's|- 


In Sylvester’s similar theorem of 1839 p and q are equal. 


DETERMINANTS IN GENERAL (PAIGE, 1879) @ 


[PAIGE, C. LE (1879): JAMET, V. (1879). 
[Sur la multiplication des déterminants. Nouv. Corresp. Math., 
v. pp. 76-79. ] 
[Sur la multiplication des déterminants. Nouv. Corresp. Math., 
v. pp. 79-81. ] 


Le Paige and Jamet recall their work of 1877, and again try to 
show that if D, vanish, then A must vanish, using now the fact 
that the vanishing of D, entails the results formulated by Falk. 


MUIR, T. (1879). 


[General theorems on determinants. Transac. R. Soc. Edinburgh, 
xxix. pp. 47-54.] 


The first theorem, though only now published, is one referred 
to by the same author in a paper of 1873-74 as his “extension of 
Laplace’s theorem ”’ (Proceed. R. Soc. Edinburgh, vii. p. 23). It 
stands thus: In a determinant of the n™ degree, if the rows from the 
1* to the q” inclusive and the rows from the p™ to the n™ inclusive be 
taken; and if a minor of the (q—p+1)” degree be chosen from the 
rows common to these two sets; and if from the first set each minor 
of the q’" degree containing the chosen minor be multiplied by the minor 
which contains both the complementary of the former and the chosen 
minor ; and of the sign (—1) be prefiwed to the product, s being the 
sum of the numbers indicating the rows and columns from which the 
Jirst factor is formed increased by q—p-+1 for every such number greater 
than q ; then the sum of the products thus obtained 1s equal to the product 
of the chosen minor and the original determinant. The mode of proof 
will probably be sufficiently explained by taking the case where 
n, p,q = 5,3, 4. First we form the determinant 


b, b, bs bg bs 
| Cy GC, Cz Cy C5 
id; dg dz dy . ds 
Cy Cy C3 C4 C5 
| d, 4-03 d, d, ds 
ey €5 €3 C4 é€5 ) 
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which, by Laplace’s expansion-theorem, is equal to 


Jadoo 4|-|cgdyes| — |@yg¢ad5|- |codseg] + |dgb C47] * | cd 3€4]. 


Next we perform on the determinant the operations 


col,-+col,, 


and so obtain the form 


aT 


€g 


row,—IoWs, 


e3 


a, 
ba 
C4 
dy 
C3 Cy 
ds dy 
Cg C3 &% 


col,+col, 


TrOW,—TIOW,, 


es 


which, by again using Laplace’s expansion-theorem, is seen to be 


equal to 


| Qybycgd ges | * | Cad, |. 


The required result is thus reached. 
Of the second theorem the first case is identical with that given 
by Hermite in 1849, and the other cases result from the continu- 
ance of the condensation so begun. For example, n being 5, we 


have 


GM, Me 


b, by bs 


I 


| ab, | 
| 04 | 
| qd, | 


| Gye, | 


Agdz | | Agb4 | 


| cg | | a3Cg | 
[agg | | agdq | 


| a b,C¢ | 
| qbodg | 


| Goes | 


| Q@5| | a3e4 | 


| dgb3Ca| | @sbacs| 


|@qbs| | + G@g04 


| @4Cs | 


| aad, | 


| Ges | 


|ayb5| + | ag4| 


| @b3¢4| | @gbad5 | 


| @b3¢4| | @gbaes | 


| aybyCgdq| | Aydgcads | 
| aybeC3eq| | Agbgcges | 


+ | Agb3Cq|. 
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Coordinate with these, but in a sense subordinate to them, are given 


@ A Gz My A, |=]|a,b,| Jabs] |ab,g| |abs|| + a3 
b, by bs by 05 | 4p] [acs] [aca] | acs | 

yo Cy Cy oy |%d,| |ads| |ady| | ads | 

d, d, dz dy d; | 22| [ayes] [ae] | aes] 

4 €& €3 €, €5 


=| |a,b,c3| | @b.c,| | ab.c5| | + | ab, |? 
| Qbydg| | ab,dq| | abd; | 
| ayboe3| | 40204 | | aybyes | 

=| [ab cgd,| | abycgds| | + | abc], 
| @boC3@4 | | @beC 355 | 


the first being Chio’s of 1853, and the others obtained by means 
of it. 

The third and last theorem concerns the multiplication of an 
n-line determinant by an n-termed expression. Its nature will 
be fully understood from merely stating the case where n is 3, 
namely, 


| a a |(&+&+&s) 
b, by bs 
G & 
= | aE, Mo Ass Ge hiv Op) Ang 1p Ggy-tt Sab Oy- dg hag 
bb, bs | | aks bake Boks bby 
q C2 C3 | Al Gee ine, OE, fs Ca€s |, 


and from suggestimg an examination of the cofactor of any one of 
the é’s on the right-hand side. 

It is well to note in passing that the identities appearing under 
the second theorem may be viewed as propositions regarding com- 
pound determinants. As such the first set had been foreshadowed 
and in part formulated by Spottiswoode in 1853 (Hist., ii. pp. 
202-204), and the specialized set fully enunciated by Sylvester in 


1851. 
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FURSTENAU, E. (1879). 


[Beitrige zur Theorie der Determinanten. Crelle’s Jowrn., [xxxix. 
pp. 86-88.] 


The first of Fiirstenau’s theorems is identical with Sylvester’s 
of 1839, of which an easy proof was suggested by Cayley in 1843 
(Hist., 1. p. 233 ; u. pp. 10-11). 

The second is that ¢f the successive minor diagonals on the upper 
side of and parallel to the main diagonal be multiplied by x, x, x°, . 
respectively, and those on the under side by x1, x-*, x3, ... re- 
spectively, the value of the determinant remains unaltered. In proof of 
this, it is pointed out that the multiplications in question are equiva- 
lent to multiplying the element in the (r,s)!" place by x*~”, and 
therefore equivalent to multiplying any term of the determinant by 

geen Sr that is, 2. 
When z = —1 we have Janni’s case of L874. 


CARR, G. 8. (1879). 


[Question 5752. Math. from Educ. Times, xxxii. pp. 54-55.] 
What is here proposed to be indicated is a method for changing 
a given algebraical expression into the form of a determinant. The 
process, which is illustrated by the expression 
abed +-bfgi+-fh? +-def +-cghp-+ahr+elpr 
— fhpr — ably — ach? — fgh — bdf? — efhl — cdep, 


is commonplace when compared with Dodgson’s of 1867. 


STUDNIOKA, F. J. (1879, 1880). 


[Ueber eine neue Determinantentransformation. Sitzungsb. ... 
Ges. d. Wiss. (Prag), Jahrg. 1879, pp. 487-494. ] 
v 
[O nové pouéce determinantni. Casopis pro péstovdnt math. a fys.. 
ix. pp. 97-103. ] 


The transformation referred to is the second of those spoken of 
as “condensations,’ and fully dealt with earlier in the same year 
by Muir (see above, pp. 80-81). 


CHAPTER. II. 
DETERMINANTS AND LINEAR EQUATIONS, FROM 1861 TO 1878. 


In the preceding volume the contributions to this subject were so 
unimportant as not to warrant the segregation of them, and of 
course in the first volume segregation, even if possible, would have 
been highly undesirable. For the period now reached, however, 
the circumstances are in every respect different, and facility of 
reference can receive due attention. 


SMITH, H. J. S. (1861). 


[On systems of linear indeterminate equations and congruences. 
Philos. Transac. R. Soc. London, cli. pp. 293-326 ; or Collected 
Math. Papers, 1. pp. 367-409. ] 


There here appears the theorem that if every determinant of the 
augmented array of a redundant system of linear equations be equal 
to zero, while those of the unaugmented array are not all zero, the system 
admuats of one solution and of one only. Thus, the redundant set of 
equations 


attay = f 
be+by = 9 
qatay = h 
datdy =k 


has one and only one solution if 
GO WECR Gd: 
Cb Cee dp a=) Oe and 


te SGT: 


I 
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It will be noticed that two useful terms are introduced incidentally 
in the statement, ‘augmented array’ and ‘ unaugmented array ’ 
representing important entities connected with the study of simul- 
taneous linear equations. 


TRUDI, N. (1862). 
[Tror1a DE’ DETERMINANTI, ... Xxii+268 pp. Napoli.) 


The section devoted to the Solution of Linear Equations (pp. 
113-121) is fuller than in any previous exposition, and a great 
improvement on Baltzer’s of 1857. The fifth paragraph of it deals 
with the case of 


pL A ApBot «ss FAL, = u, : 
r=1 
when the common denominator of the unknowns vanishes and also 
one of the numerators. From this the first deduction of course is 
that the other numerators must vanish also; and the proof rests on 
the fact that the vanishing of the numerator of x, gives us 


WAytUsAnt -. + +UnAn = 0, 
and the vanishing of the common denominator gives us 
An wie An nach An 


A. As. 


The second deduction is that one of the given equations, say the 
first, is derivable from the others ; and the proof consists in obtaining 
from these others by multiplication and addition the equality 


ns 


(dA. +A Ag+ . . . +QA,,) 2; 
+ Ay, Acs + AgpAget » . + +OnnAne) En 
= Up Ag tts Age ft . . . tUpAns, 
and thence the equality 
—,Ay,%—AypA,@o— . . . —O),A;,%, = —U,A,,, 


from which the first equation of the set at once follows if A,, is not 
zero. The appearance of this extra condition at the close deserves 
note, as also the fact that it is unmentioned in connection with the 
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first deduction. A proof is also given of the converse of one of 
the theorems regarding the eliminant, namely, that 2f 


any Aye Ain Uy 
Ao) Ags - Aen U, AO 
> 
| An44,1 An 41,9 ASD Anti Upn+1 


then any one, say the last, of the equations 


T=n+1 


r=1 


OX, + aeXet .- . +anX, = u,} 


is a consequence of the others; the procedure being to perform on 
the given vanishing determinant the operation, 


col,+,—(#,col, +2z,col,+ ... +%,Ccoln), 
with the result 
{ Unt ai (Gn411% cg An41,2%2 et NCO “te Griia®a)} | Ayn, | = 0, 


after which we have only to assume | a,,, | + 0. 
Lastly, attention is drawn to the simple fact that if we have 


n linear equations 
A,x+ ayy +as2+a, = 0 | 
bat+ byt bez+b, = 0 | 
C,L+ CyYyY+ cyzte, = 0 | 
determining » unknowns 2, y, 2, then any other linear function of 
the same unknowns, D,x+D,y+D,2+D,, is readily expressible in 
terms of the coefficients, namely, is equal to 


| @ybye3D 4 | + | abe |. 


BALTZER R. (1864). 


[Theorie und Anwendungen der Determinanten. 2te verm. 
Aufl. vi+224 pp. Leipzig.] 

Baltzer now notes (§ 8. 2) how the solution of n non-homogeneous 
equations in m unknowns is deducible from the solution of n homo- 
geneous equations in n+1 unknowns, without, however, referring 
to the possibility of the reverse procedure. He also gives the 
second half of Kronecker’s contribution already mentioned (p. 14), 
namely (§ 8. 3, iii.), that if the minor | ay... ax | Of | 1. -- ann | 
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do not vanish and all the minors of higher order do vanish, the set. 
of equations ‘ 


By Xt AyXot . . . FanXy, = 0} 


as consistent and (n—k)-fold indeterminate. 

For example, taking n = 5 and k = 3, we can, because of the 
datum regarding j a,b,c,|, obtain from the first three equations 
satisfying values of 7, 2, X; in terms of x4, z;; and we can then 
prove that these values will also satisfy the remaining equations, 
because the requisite substitution in the left-hand members of the 
said equations leads to the expressions 


r=1 


| qbycgdg| tq + | a bycgd5| a5, 

| ybyeseq | ty + | ybyeges | Xs, 
which, by reason of the second datum, are each equal to 0 for 
any finite values of x4, Z;. 


PADULA, F. (1864). 


[Ricerche di geometria analitica. Atti del R. Ist. d Incorrig. .. . 
(Napoli), (2) i. pp. 37-76. ] 

In a footnote extending over parts of pp. 42-46 a proof is 
attempted of the theorem that if any two primary minors of an 
m-by-(m-+1) array vanish, all the others vanish also. This, which 
is the case of Cayley’s theorem of 1843, where n = q = 2, is also 
identified with the theorem already formulated by Trudi, that 
of one of the unknowns in the set of equations 

84% +aeset - . - fans, = + Lee 


r=1 


take the form 0/0, so also must all the others. 


DODGSON, C. L. (1867). 


[An Evementary TREATISE ON DETERMINANTS, .... viii+143 pp. 
London. | 


Chapters i. and iv. establish conditions under which equations 
of a set are consistent, inconsistent, interdependent, and so forth : 
also, consequences flowing from consistency : and, finally, necessary 
and sufficient tests for corsistency. They may thus be expected to 
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contain extensions and improvements of previous incidental work 
on the subject. The results are helpfully collected in tabular 
form (pp. 134-138) ; and by way of illustration four different sets 
of equations with arithmetical coefficients are investigated in full 
detail (pp. 111-116). To a certain extent tabulation is facilitated 
and conciseness furthered by using the term ‘ V-block’ to stand 
for the array composed of the coefficients of the unknowns, and 
* B-block’ for the augmented array, thus making possible such short 
sentences as 


Ve, vor y= () B =0, or +0; 
| V| =0, or #0; |B] =0, or #0; 
Vils==tO0-ecore=—' 0; PB ile=e0, - Lorca, 0. 


This has its advantages, but there is also much against it, and it 
has certainly not commended itself to subsequent writers. As 
hitherto, therefore, we shall state the propositions at full length, 
merely agreeing with Dodgson to speak of an array as being 
“evanescent ’ when all its primary minors vanish. 

Taking chapter iil. (pp. 32-59) and noting first those which are 
not specially concerned with equations that are homogeneous, we 
have : 

(Ia,). If there be n linear equations containing n-+r unknowns, 
and if a primary minor of the unaugmented array be not zero, the 
equations are consistent; further, any values being arbitrarily 
assigned to the r unknowns unconnected with the said manor, one 
satisfying value, and only one, can be found for each of the other un- 
knowns. (Prop. II.) 

(Ia,). If there be n linear equations containing n+r unknowns 
(where r may be 0), and if the unaugmented array be evanescent but 
the augmented array be not, the equations are inconsistent: and, on 
the other hand, if they be consistent, and have their unaugmented array 
evanescent, their augmented array is also evanescent. (Prop. V., XV.) 

(Ia). If there be n linear equations containing n+r unknowns 
(where r may be 0): and if there be n—k of the equations having their 
unaugmented array not evanescent : and vf when these n—k equations 
are taken along with each of the remaining equations in succession, each 
so formed set of n—k-+1 equations has its augmented array evanescent ; 
then (1) the equations are consistent : (2) of any non-evanescent primary 
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minor of the unaugmented array of these n—k equations be selected, 
the k--r unknowns whose coefficients are not contained in it may have 
arbitrary values assigned to them, and for each such set of arbitrary 
values there is one set of satisfying values for the other unknowns : 
and (3) the remaining equations are dependent on the said n—k 
equations. (Prop. X., Cor.) 

Next we have propositions which, like the foregoing, do not 
specially concern homogeneous equations, but which bear on ‘re- 
dundant ’ systems : 

(Ib,). If there be n linear equations containing n—r unknowns, 
and if the augmented array be not evanescent, the equations are incon- 
sistent : and, conversely, if the equations be consistent, the augmented 
array is evanescent. (Prop. III., XIII.) 

(Ib,). If there be n linear equations containing n—r unknowns : 
and if there be n—r of the equations whose unaugmented array is not 
evanescent: and uf when these n—r equations are taken along with 
each of the remaining equations in succession, each so formed set of 
n—r-+1 equations has its augmented array evanescent; then (1) the 
n equations are consistent : (2) there is only one set of satisfying values 
for the unknowns : and (3) the remaining equations are dependent on 
the said n—r equations. (Prop. VIII.) 

In the third place we have propositions which refer specially to 
homogeneous equations, the first being Jacobi’s of 1841 (Hist., ii. 
p. 324): 

(IIa,). If there be n linear homogeneous equations containing n+1 
unknowns, then in every set of satisfying values for the unknowns the 
values bear to one another one and the same set of ratios. (Prop. IL., 
Cor.) 

(IIa,). In every set of n linear homogeneous equations containing 
n-+r unknowns, there is for the wnknowns a set of satisfying values 
of which two at least are not zero. (Prop. XII.) 

(IIa;). If n linear homogeneous equations containing n+r un- 
knowns have for the unknowns a set of satisfying values of which one 
as not zero, and if on deleting the coefficients of the unknown which takes 
this non-zero value the remaining array is evanescent, then the whole 
array vs evanescent. (Prop. XV., Cor.) 

Lastly, we have propositions which still refer specially to homo- 
geneous equations, but now concern ‘redundant’ systems mainly : 
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(IIb,). If n linear homogeneous equations containing n—r un- 
knowns (where r may be 0) have their wnaugmented array evanescent, 
there is for the unknowns a set of satisfying values of which two at least 
are not zero, and of the n equations r+1 are dependent on the rest : 
and, conversely, if the equations are satisfied by a set of values which 
are not all zero, the unaugmented array is evanescent. (Prop. XI., 
Cor. xix.) 

As already implied, the proofs of all these propositions are most 
carefully set forth by Dodgson: we have considered it sufficient 
to indicate, by giving their numbers, the order which he found to 
be logically suitable for them. 

The main proposition of chap. iv., the chapter which deals with 
tests for consistency, is (p. 61) as follows: The necessary and 
sufficient test for a set of linear equations, which are not all homogeneous, 
being consistent 1s that either (1) there is one of them such that when 
a as taken along with every one of the remaining equations separately, 
each pair of equations so formed has its augmented array evanescent : 
or (2) there are m of them, m > 1, which contain at least m unknowns 
and have their unaugmented array not evanescent and are such that, 
when they are taken along with one of the remaining equations, each 
so formed set of equations has rts augmented array evanescent. 

Of five Appendices the first (pp. 111-116) gives a very thorough 
exposition of how to proceed in the investigation of a given set of 
linear equations. As examples, sets of equations that are not all 
homogeneous, the two 


u+ v—2¢-+y— z= 6 32— y = —7 
2u+20—4¢—y+ 2= 9 6xz—2y = —14 
u+ v—2x = 4) ety=-—l 
u— v+ «a+y—2z = 0), z+5y = 3 
Sz+ y= —9), 


are dealt with in succession, being tested (1) for consistency, (2) for 
interdependence, and (3) for the existence of unknowns to which 
arbitrary values may be simultaneously assigned. Similarly, the 
set of homogeneous equations 

2u-+ v+2¢7+ y+ 32 = 4 

5u+3v—4¢+3y— 62 = 0- 

u+ v—8r+ y—12z2 = o| 
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is examined, the test for consistency being now in regard to satis- 
fying values that are not all zero. 


VERSLUYS, J. (1870): VALERIANO, V. (1871): 
DONNINI, P. (1875). 


[Discussion compléte d’un systéme d’équations linéaires. Archiv 
d. Math. u. Phys., lu. pp. 257-277.) 
[Sistema generale di m equazioni lineari fra n incognite. Gvornale 
di Mat., ix. pp. 371-376. ] 


[Un sistema particolare d’equazioni lineari. pp. (2). Livorno. | 

The theorem in determinants which is made the basis of Versluys’ 
discussion is identical with Dodgson’s of 1867 (chap. v. p. 67) ; 
and the body of the paper may be compared in subject with 
Dodgson’s chapters ii. andiv. Versluys distinguishes eight different 
eases in the solution of 


ac+b,yte,z = d,| 


Jr=19 


r=3 


and twenty-five in the solution of 


a,t+b,y+e,2+d,w = er} 
r=1. 


Valeriano confines himself to cases where the number of equations 
and the number of unknowns are the same, beginning with equa- 
tions that are homogeneous. 


FONTENE, G. (1875). 


[Théoréme pour la discussion d’un systéme de n équations du 
premier degré & n inconnues. Nouv. Annales de Math., (2) 
xiv. pp. 481-487. | 

In his subject Fontené restricts himself as Valeriano did (1871) ; 
but his aim is quite different, namely, to embody all his results in 

a single proposition. His success is more apparent than real, the 

enunciation of the proposition occupying almost a full page and 

not being a very compact whole. The purely determinant theorem 


which he uses (pp. 485-486) is in essence identical with Kronecker’s 
of 1864. 
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ROUCHE, E. (1875, 1880): MERAY, C. (1875). 


[Sur la discussion des équations du premier degré. Comptes 
Rendus ... Acad. des Sci. (Paris), lxxxi. pp. 1050-1052. ] 


[Note sur les équations linéaires. Journ. de V Ec. Polyt., cah. xlviii. 
pp. 221-228. ] 
[Sur la discussion d’un systéme d’équations linéaires simultanées. 
Comptes Rendus.... Acad. des Sci. (Paris), Ixxxi. pp. 1203- 
1204.] 


Rouché is still more ambitious than Fontené, his aim being to 
condense into one proposition the means of completely investigating 
a set of linear equations. Simplicity in enunciation is sought to 
be attamed by introducing the term ‘déterminant principal’ for 
the non-zero minor of highest order in the unaugmented array, and 
the term ‘ déterminants caractéristiques ’ for minors of the augmented 
array but not of the unaugmented array which have the * déterminant 
principal’ for a primary minor. Unfortunately, the terms, like 
Dodgson’s, are not happily chosen. After explaining them at con- 
siderable length (pp. 221-223) Rouché says : We can now formulate 
“la proposition qui renferme toute la théorie des équations linéaires.” 
In English the proposition is : 

In order that n linear equations containing m unknowns may be 
consistent it 1s necessary and sufficient that all the ‘ characteristic 
determinants ’ of the set shall vanish ; and, of this condition be satisfied, 
the set has only one solution or is indeterminate according as the order 
of the said determinants is greater or less than m. 

The logical foundation for the proposition is well set forth (pp. 
223-227), but will readily be guessed by, any one familiar with earlier 
work on the subject. In the actual application of the test to a given 
set of equations the first and fundamental requirement is of course 
the finding of a ‘ déterminant principal,’ and unfortunately Rouché 
gives no indication of the procedure which he considered best for 
attaining this end. Nor are any examples like those of Dodgson’s 
first appendix worked out. It is thus impossible to say whether in 
the actual practice of solution the condensation and simplification 
apparent in the statement of the proposition be realities of any 
appreciable value. The concept, however, of a ‘déterminant 
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principal’ is one not to be lost sight of : probably the most suitable 
English equivalent for the name would be ‘ critical minor.’ 

Méray’s contribution is embodied in three theorems, and is less 
original in both form and substance. 


DARBOUX, G. (1876). 


[Sur la théorie de l’élimination entre deux équations 4 une inconnue. 
Bull. des Sci. Math., x. (1), pp. 56-64.] 


As a lemma requisite for his main purpose Darboux formulates 
in his own way the theorem regarding the solution of n linear homo- 
geneous equations in » unknowns whose determinant | a,, | and 
all its minors down to | a,,,_,| are equal to 0. This and a converse 
he takes pains to establish anew (pp. 61-63). 


VENTEJOLS (1877) : D’OVIDIO, E. (1877) : 
BIEHLER, C. (1878). 


[Sur un probléme comprenant la théorie de l’élimination. Comptes 
Rendus .. . . Acad. des Sez. (Paris), lxxxiv. pp. 546-549. ] 
[Ricerche sui sistemi indeterminati di equazioni lineari. Afti.... 
Accad. delle Scr. (Torino), xii. pp. 334-349. ] 


[Sur la théorie des équations. Dissert. 60 pp. Paris.] 


Ventéjols’ fundamental propositions are but variants of already 
known results. (See Dodgson’s text-book, p. 48 cor., p. 64 prop., 
p- 50 cor.) 

D’Ovidio confines himself to a full and thorough investigation 
of the case where there are n homogeneous linear equations in n-+-r 
unknowns, his proposed object being to effect a generalisation of 
the theorem known from Jacobi (1841) to hold for the case where 
ris 1.* He notes at the outset that the generalisation had in effect 
been reached by Clebsch in 1872 (Abhandl..... Ges. d. Wiss. zu 
Gottingen, xvii. 60 pp.; or Math. Annalen, iv. pp. 427-434). As 
a matter of fact, however, the theorem which he attributes to 
Clebsch is nothing else than Brill’s theorem of 1871, which Gordan 
had restated in 1873. Viewed as a property of an indeterminate 


* See above under Dodgson, ITa,. 
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set of linear homogeneous equations it takes with D’Ovidio the 


following form: If 
i) 4a) 
Cig ett Cl) wet omen S scnetsr oye) 


be r independent solutions of the set of equations 


(1) (1) ae 
Got a Fs ee =| 
qa te ot Oa = 0) 
Wea Pisa alec t=O], 
then the primary minors of 
(1) () 4) 
LAE aa Rite 
(7) (r) 
is Se OAS 9 he 
are proportional to those of 
(1) (1) 
CET bec a 
Pilok Gh, : ae 


lle aEitiias> 
the ratio 

(1) (r) (1) (n-r) 

(cal)? | arena «Hi |2| Ggremtogy” | 


being constant if a,...,b,c,. . ., d be a permutation of 1, 2,..., 0, 


and have w inverted-parrs. 


Biehler opens his thesis (pp. 5-10) with the solution of n linear 
equations in » unknowns; he does not, however, give anything 


really fresh. 


CHAPTER IIL. 


AXISYMMETRIC DETERMINANTS, FROM 1846 TO 1879. 


Norte has to be taken that four of the writings here to be dealt 
with, namely, those of Cayley (1846, 1856), Brioschi (1854), and 
d’Arrest (1857) belong to the preceding period. In the case of 
Brioschi the account is supplementary to that already given. 


CAYLEY, A. (1846, 1856). 


[On some analytical formulae, and their application to the theory 
of spherical coordinates. Cambridge and Dub. Math. Journ., 
1. pp. 22-33; or Collected Math. Papers, i. pp. 213-223.] 
[Note upon a result of elimination. Philos. Magazine, xi. pp. 378- 
379 ; or Collected Math. Papers, ii. pp. 214-215. ] 


Save for the notation used Cayley’s fundamental property of 
1846 is 


by na Se Es 13 §s 
At sen Saraieiy 2 | &1 
va b d 1 $i b d ny 
TAME CERAM S Yb AP eKerar Tega 

A i | 
fo me Se $s %8 és A Ee : Inga 
OU foe: VER ta Pie es FF H _ pt 
| SPO ed tee Ty ns || mal 
Ve. OO ears G 


an extension of Cauchy’s of 1844 into which it degenerates (Hist.. 
ii. p. 26) when the suffixes 1, 4 are changed into 2, 3. 
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Similarly the result of 1856 is that if A, B,.... be negative 
elements of the adjugate of 
ahg € 
(0 ii Ui 
oelie ¢ 
iS shiek’ 
and a, B, y be quite arbitrary, then 
Be—yn yé—al an—BE =e) BY 
a h Ge) Wisi TEES oe 
h b ff | yé-aé H BUF S 
9 jj c lan—Bé GF Cly 


BRIOSCHI, F. (1854). 
[La TEorIca DEI DETERMINANTI,.... viiit116 pp. Pavia.] 


Brioschi (§ 6), in defining after Gauss (Hist., 1. pp. 64-65) the form 
adjunct or adjugate to 


Pell, A ., 
Dd) Grohe te 1,2, . 4 
to be the form ie i re 
ae ae ‘ 


where A,., is the cofactor of a,, in | a,,|, but where there is no con- 
nection between the x’s and é’s, writes the two as determinants of 


the (n-++1)" order, namely, 


tay 5 A 

| Gan \n-2 . Ty Ly AG 0 Ln, ater . & &5 <6 Gn 
n 

a, Ay Ay 1- / Ain & 1 te --- Gin 

Dy LEER a oe My, fe ay Cag ean 

Ln Ant Ay. Ouse) ae Ann | En Qn Ong ome eF Qnan 


the justification for which is seen on developing the determinants 
in terms of binary products of the «’s and the £’s respectively, and 
using in the case of the first a result of Cauchy’s regarding the 
adjugate of the adjugate (Hist., i. p. 110). The first of the two 
identities, for the case of m equal to 3, was given by Sylvester in 
1850 (Hist., ii. pp. 117-118). The second we should have drawn 
attention to when reporting (Hist., ii. p. 153) Salmon’s remark 
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regarding the form taken by the evectant of the discriminant of a 
quadric when the discriminant vanishes. We see now that the pro- 
perty then stated is equivalent to saying that when the discriminant 
of a quadric vanishes, the adjunct quadric is expressible as a square. 
Brioschi also notes that if, in addition to the above-mentioned 

relation between the a’s and A’s, there be the following connection 
between the a’s and €’s, namely, 

Ey = Gy B+ P+ . . - TA Zn, 

fp = Aqy Ly +Ang%ot . - ~ + Ayn Ln; 

Eq = GF +Eple+ + «- ania; 
so that each € is the differential-coefficient of the given quadric with 
respect to the corresponding x, and consequently so that 


UE, ME t ... +on€n 
is equal to the quadric itself, then 
Awerts = fee 24s ae | Pam 
It must not be forgotten, however, that the case of this for n equal 
to 3 is included in a result noted by Cayley in 1848 (Hist., 11. pp. 
116-117), and that the proof there given by us is generally applicable. 
As alternative proofs we may now add that 


—|. € ee OF Oe os ,o 0 - Shane a greene oe 
Eo @ .h og | ah | 
ae Oe at le ceed (ed SAA 
Core ede e ¢ an Da dies 

Pa. aeeg 
= (egtyntepyi bh & fl = oo, 
and that pe Ra: 

oe a aes 1d, enor ite SC set) te 
ON Wag Be 6 . 2 aire een ae: 
gel? ‘Bo Povey wipes [ay SERB, Sey 
on seh ee or ees ee adie oan 8) 

= (2§+yn+2Q) A’, 


where A stands for the multiplier on the left. 
Another fact to be supplied is that Brioschi, when dealing (§ 7) 
with the subject of linear transformation, gives a property of pure 
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determinants which we may formulate for ourselves thus: If the 
square of any determinant formed by row-multiplication be D, and 
the square formed by column-multiplication be D’, then the sum of the 
m-line coaxial minors in D is equal to the corresponding sum in D’. 


D’ARREST, H. (1857). 
[Beobachtungen des Cometen iii. 1857. Astron. Nachrichten, xlvii. 
col. 17-19.] 
From consideration of three special cases d’Arrest ventures on 
the generalisation that if in the application of the Method of Least 
Squares the so-called ‘ normal ’ equations be 


(aa)x+(ab)yt+(ac)e+...=0 
(ab)x+(bb)y+(be)z+...= al 
(ac)a+(be)y+(ec)z+...= | 
then the weights of z, y, 2, . . . are 
A A A 
[aa]’ [bb]’ [ec]? 


where A is the determinant of the set of equations and [aa] is the 
cofactor of (aa) in A. In the same serial in 1866 (vol. lxvui. pp. 
174-175) a proof of the proposition is given but unaccompanied 
by any author’s name. 

It is perhaps worth adding that the array of coefficients in the 
‘normal’ set of equations is got by multiplyimg the array of the 
original set columnwise by itself. 


FERRERS, N. M. (1861). 
[An ELEMENTARY TREATISE ON TRILINEAR CO-ORDINATES (chap. ill. 
pp. 58-71). xii+154 pp. London.] 
One of the results, unfortunately inaccurate, given at the close 
of the short chapter on determinants is 


1 1 il Be 
1 . a+b ate.... 
ge a 
1 b+a Dc ae hee dbo... (Ghat es >|: 


1 eta ct+b 
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It is readily seen that the left-hand member 


il 1 1 
1 —2a : 
=j|1 — 2b ‘ 
1 —2¢ 


and that therefore the right-hand member ought to be 


(=1y2-tabe... (245454 ros): 


where n is the number of variables.* 


BOOLE, G. (1862). 
[On the theory of probabilities. Philos. Transac. R. Soc. London, 
clii. pp. 225-252. ] 

An important part of Boole’s investigation turns upon the solu- 
tion of a peculiar set of linear equations, and he consequently 
devotes considerable space (pp. 235-240) to an examination of the 
determinant of the set. 

As the determinant is axisymmetric he begins by establishing 
the proposition which results, in regard to such determinants, from 
subtracting \ times the j row from the 2 row, and thereafter 
times the j“ column from the 7“ column. This operation does not 
do away with the axisymmetry, and the diagonal element a,; is 


thereby changed into 


*There is an interesting connection between this determinant, ® say, and 
Ferrers’ second determinant of 1855, F say (Hist., ii. p. 142). For, putting the 


first variable here equal to 1, we have 
Dili Ga, Gees. 2 Cn) Mena  — lL) Potatoes dy (Loto ae +x), 
rs Ag As On 
and therefore 
D (Vpn, esta wen, Gy) LR eteeeH(Ceo che seemless 
In the examination papers of 1862 for the Ferguson scholarship, a case of this, 
with incorrect sign, is set for independent proof, namely, 


1 1 1 i 


1 l+a 1+b l+te l+a 1 1 
1 a+l : Gaby a +c) 1 1+-b 1 
1 b+1 Obta : b+e 1 1 l+e 
1 ctl c+ta c+b | 
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Following this lemma and made in part dependent on it comes 
the rather notable proposition that if an axisymmetric determinant 
have all its elements of the form | 

Aatubtrve+...., 
and the coefficients , u,v, . . . in all the diagonal elements be positive, 
and generally be such that all those joined to any one of the variables in 
any row be in order proportional to the coefficients of the same variable 
wm any other row, then the final development of the determinant will 
contain only positive terms. The proof is disappointingly lengthy, 
occupying very nearly three pages (pp. 226-238). 

The other proposition, which is a deduction from this, is to the effect 
that of F be a rational integral function of n variables x,, X,, . . . Xp, 
having no powers of them above the first and having all its terms 
posite, then the final development of 


F <i ed OS) Mapai ed ie 
pau le XT eM eee x xe He 
xP, x,x,Fy Kale: Sheng gXokuF on 
x,F, X,X,F;, X,XF, eee pss x,F, ? 


where F., F,, stand for 0F /ox,, 0? /ox,0x, respectwely, will contain 

nothing but positive terms. For the case of two variables the result is 
axy+br+cyt+d axyt+bx axytcy 

axy + bx axyt+be any = abexy* + abdx?y + acday? 

axy + cy axy axy + cy + bediy ; 

and for the development in the case of three variables we are referred 

to a similar memoir * of the year 1857, where we find the expression 


(d+h+e-+f) (abe+ acg+ abg + beg) 
+ (a+b-+c+9) (dhe + dhf+ def + hef) 
+ (ac+-bg) (df+dh+ ef +eh) 
+ (ag+ be) (df +-eh-+de-+fh) 
+ (ab +c9) (de+dh+fe+fh) 
+ 4agfe+4bedh, 


* Booxz, G., “On the Application of the Theory of Probabilities;to the Question 
of the Combination of Testimonies or Judgments,” Transac. R. Soc. Edin., xxi. 
pp. 597-652 (see p. 648). 


Univ. of Arizona Library 
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and infer that it is the equivalent of 
atbtc+...+h a+te+d-+e at+tbt+d+f a+b+ct+g 


a-+c+d-+e at+c+d+e a+d ate 
a+b+d+f a+d a+b+b+f a+b 
a+b+ce+g ac a+b a+b+ct+g 


In connection with unisignant determinants like these, it is 
desirable to recall Sylvester’s paper of 1855 and Borchardt’s of 
1859 (Hist., ii. pp. 456-9). 


SIEBECK, F. H. (1862). 


[Ueber die Determinante deren Elemente die Quadrate der sechzehn 
Verbindungslinien der Eckpunkte zweier beliebigen Tetraeder 
sind. Crelle’s Journ., lxii. pp. 151-159.] 


The determinant in question is brought forward as a companion 
to Sylvester’s of the year 1852, being, in fact, the complementary 
minor of the zero element in the latter. It is shown that the ratio 
of the one to the other is 

2rp cos ¢, 
where 1, p are the radii of the spheres circumscribing the tetraedra 
and @ the angle of intersection of the said spheres. The interest 
of the paper, like Sylvester’s, is mainly geometrical. 


FREUCHEN, P. (1863). 
[To Determinanter af nte Grad. Math. Tidsskrift, v. p. 42.] 


The two determinants are the cases of Ferrers’ of the year 1855, 
in which a,=a,=@,=.... 


ROBERTS, M. (1864). 


{Question 694. Nouv. Annales de Math., (2) ii. pp. 139-140. 
Solutions by L. Ferrara, G. Torelli, in Giornale di Mat., ii. 
pp. 95-96, p. 191: solutions by A. Smet-Jamar, M. Cornu, 
H. Picquet, in Nowv. Annales de Math., (2) ni. pp. 395-399, 
and by “ Mirza-Nizam,” in (2) iv. pp. 500-504. ] 

Roberts’ result is essentially the same as Ferrers’ second, but is 
expressed more suggestively, namely, 
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api 1 lie eee 9 f(1) = f"(1); 
=) id, 1 oe i 
ee] ee a] 
—l —l —1. a. 


n 


where f(x) = (w+a,)... (z+a,). Ferrara and Smet-Jamar 
develop the determinant in Cayley’s manner of 1847, obtaining 
f(1)—/’ (1) in the form 


Grn) ean > anc (8—n) Slay, +... + aay... On; 


Cornu and Picquet subtract the last column from each of the others 
and obtain the development in the form 


Res a, Ay an 
(+a)(1+a,) ... (1+a,)-[1 eee aree Me Wat.) | 


Torelli, after generalising the determinant by putting —zx every- 
where for —1, writes it in the form 


(x-+a,)—x 0—z 0—ax 
O—ax (%+a,)—x 0—zx 
x 


0—2x . O0—a («#+a3)— 


which, if expressed as a sum of determinants with monomial ele- 
ments, gives . 
(©+-ay)(@+a2)...(C+an) — @>)(Z+-a2)(@-+45) ++ (2+ay), 
1.e. f(x) — af’ (x): 
and “Mirza Nizam” obtains this wider result of Torelli’s by following 
Cornu and Picquet. 


WALKER, J. J. (1865, 1868). 

[Properties of the discriminant of the quaternary quadric form. 
O. C. and D. Messenger of Math., iv. pp. 25-31, 189-190. ] 
[Question 2730. Educ. Times, xxi. p. 139; or Math. from Educ. 
Times, xi. pp. 107-108.] 

The subject here is mainly the vanishing of the primary minors 
of any axisymmetric determinant of the fourth order, the final 


; 
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result being that all the primary minors will vanish when three of 
them vanish, provided that two, and not more than two, of the three be 
taken from the same rows of the adjugate. The number three is 
Sylvester’s 4(4—3+1)(4—3-+2) of the year 1850. 

In proving a simple case of the well-known theorem regarding 
a minor of the adjugate he incidentally rediscovers the equality 


ie ; a e—ab ef—ah eg—«ai | 
f h ‘ i = | ef—ah f?—ac fg—g | + @, 
9 i j d eg—a f9-4 g—ad | 


and thence later shows that when | a,b,c,d,| is axisymmetric and 
vanishes, we have 
| aby || acs] — | ads] | aed] + | ba] | eeds| = 9. 


Here, however, we must note that for this last identity axisymmetry 
is not necessary, and that the other condition may also be dispensed 
with if in place of 0 we put a, | ab sd |. 


CALDARERA, F. (1871). 


[Nota su talune proprieta dei determinanti, in ispecie di quelli a 
matrici composte con la serie dei numeri figurati. Giornale 
di Mat., ix. pp. 223-232.] 
The main determinant dealt with is 
a ato a+26 a+ 36 
a 2a+éd 3a+86 4a+ 66 .... 
a Sa+éd’ G6at+4éd “100-100... . | or, say Did), 
a 4at+é 10a+56 20a+156 


it being first shown to be independent of 6, and consequently to 
be equal to 


@® (Gly ct 1 1 
VAD ot Sure 

| AOL SL CREO 
be Leek due). 0. x20 
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The evaluation of the cofactor of a” Caldarera effects with much 
trouble (pp. 226-231) by means of his (or, rather, Chio’s) conden- 
sation-theorem, not observing that a series of similar steps can be 
made by simply diminishing each row by the row immediately 
preceding : for example, when n = 4, we have 

Z o | = 
ha isigy fou ute eke ear 


D(a, 0) 
ere (aie nal! | 


a 


the theorem repeatedly used in performing the subtractions being 
Cay — Cacie a Craters 


The same process applied directly to D(a, 6) gives the value a” with 
equal ease, showing at one and the same time that D(a, 6) = D(a, 0), 
and that the axisymmetric cofactor of a” in the latter is equal to 1. 


SCHULTZE, E. (1871). 


[Uber die aus einer symmetrischen Determinante A, = 2+4,,... nn 
gebildete Reihe A,, Azx_-;,.:-, Aj. Sch. Progr. 22 pp. 
Berlin. } 


The title is misleading, the subject really being the linear trans- 
formation of a quadric, whose discriminant is A,, into an aggregate 
of multiples of squares. As, however, one of the modes of trans- 
formation referred to is that resuscitated by Brioschi in 1856,* but 
originally due to Lagrange (1759 fF), namely, that which changes 


Oy” 1 Anglo +... - TE Ogn Ey? + Wayyh%e +... . 
into 
20, Ac, 2, As, 2 An | 2 
AW Baas Yo + Aus aus ire TAA 


* Brioschi, F., “ Sur les séries qui donnent le nombre de racines réelles des équa- 
tions algébriques 4 une ou 4 plusieurs inconnues,” Nouv. Annales de Math., xv. pp. 
264-285 ; or Zeitschrift f. Math. u. Phys., ii. pp. 209-222; or Opere Mat., v. pp. 
127-143. 

+Lagrange, J. L., “Recherche sur la méthode de maximis et minimis,” 
Miscell... Taurinensis, i. p. 18; or Quvres, i. pp. 3-20. See also Gauss (1823), 
Werke, iv. pp. 27-53, and Jacobi (1847), Crelle’s Journ., lili. pp. 265-270. 
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by a transformation of the form 


@y = Yy + CpYo + CysYg + + + H+ CinYn | 


wv = Yo + CasYg +--+ - + ConYns 
Cn = Yns 
the series A,,, A,_; . - - » Mp does come up for consideration. The 


only property established (p. 7) is: [f A, and all ats coaxial minors 
of the (n—1)" order vanish, then every other coaxial minor of the said 
order will also vanish. This is easily arrived at by considering 
any two-line coaxial minor of the adjugate. 

We may note that in dealing with a second transformation— 
the orthogonal—Schultze formulates another proposition regarding 
the evanescence of minors, but that this is identical with the first 
of Dodgson’s pair of 1867. 


HUNYADY, KE. (1872). 


[Question 979 (proposée par H. Brocard). Nouv. Annales de Math., 
(2) xi. pp. 39-44.] 


In seeking to solve anew Lagrange’s interpolation-problem, 
namely, to obtain the values of the A’s in the set of equations 
Ire Qn + a 
7 


os ae ee 
A, C08 77 + A, cos oat +...+ An C08 a4 = Yr | 


Hunyady finds that 


r=) 


Peer AP ees f n+1)\"-? for n even 
cos cos —— 7 cos =| = 2 
+1 n+ n+1 
lo for n odd. 


HESSE, O. (1872). 
[Kin Cyclus von Determinanten-Gleichungen. Crelle’s Journ., 
Ixxv. pp. 1-12; or Werke, pp. 585-598. | 


As is explained under Bordered Determinants, Hesse uses [a, 8] to 
stand for the result of bordering [w,,,] vertically and horizontally by 


Oy, Ag, - + + 5 Ayn and By, fee So 85 imp 


- 
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respectively, and similarly [ay, 86] in the case where a two-line 
border has been affixed. 
The connecting relation 


[%nl*La8, v8] = [a, y]-[6, 6]—[a, 6]-[6, y] 


comes to his hand at once, on account of the member on the right 
being viewable as a two-line minor of the adjugate of the second 
factor on the left. In like manner, or by the mere interchange of 
letters, he obtains 


| Uin | lay, Bo] = [u, P] ly; 0] a lu, 6] Ly; 6], 
| “nm | sleds y8] [a, y][6, B]—[a, BIL, y]. 
Then, positing the axisymmetry of | u,,, |, he notes that 


[8, 6] = [6, 6], SOMO MOn 


and that therefore the first of the three right-hand members 
is exactly the sum of the two others. There thus follows the 
theorem 


[a8, yd] = [ay, 86] + [ad, yf], 
or, as we may prefer to write it, 
[48, v6] —[ay, 86] +[ae, By] = 0. 


A second theorem which he gives is easily remembered from this, 
namely, that ¢f we annex to the three terms on the left the outwardly 
resembling multipliers 


La, Bl i ly, 6], la, y] ; [p, é], La, é]- [6, y] 


respectively, the right-hand side need not be changed. This results 
from using the said multipliers on the three original equations, and 


then reasoning as before. 
For ourselves, we may note that the existence of the two equa- 
tions side by side is a consequence of the general fact that if we have 


X = a—b, —Y = b--«, L = ¢—a, 
it follows that we have both 
X-Y+Z=0 and cX—aY+0Z = 0. 
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WILLIAMSON, B. (1872): BUCHWALD, E. (1872). 


[Condition for a maximum or a minimum in a function of any 
number of variables. Quart. Journ. of Math., xii. pp. 48-51 ; 
or his Differential Calculus, 1* edition, pp. 340-343, 2° 
edition, pp. 363-367, etc.] 

[Question 3683. Educ. Times, xxiv. p. 296, xxv. p. 18; or Math. 

from Educ. Times, xvii. pp. 66-68. ] 


[Betingelsen for at den algebraisk rationale homogene Function af 
anden Grad af n variable er positiv for alle Voerdier af de 
variable eller negativ for dem alle. Tidsskrift for Math., (3) 
ii. pp. 20-25. ] 

The real object here is to obtain the conditions that must be 
fulfilled in order that a quadric may remain positive for all real 
values of the variables. 

The investigation, due in essence to Lagrange (1759),* is based 
on a simple transformation, three examples of which we may write 
for ourselves in the form 


4b) q 
ay ° oo ome (a,a+asy)? + | a,b, | ¥°, 


. y Zz 
= (4,44 0,y + a,2)° + 
gp = Mnet ay t ae! + Tab] Tabs) | y 


A 
gh] 


Oy 0s be ley \a,ce | | reg] 


Cy Cy Cz Zz 


=(ar+... +a,w)? + — 

* : w) [bo] [abs | | ab, | | _ 
| yey | J ayes | Jayey |) 2 

: Jady| [yd] Jaye |) w 


Ww 


where, it must be borne in mind, the square arrays are axisymmetric. f 


* See immediately preceding footnote. 


+ This restriction may be done away with if we alter the squared expressions on 
the right hand into 


(a, + any) (aqqet+hy), (aye + agy + a3z) (aye + byy +¢,2), 
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By dividing both sides by a, it is seen that in the case of the binary 
quadric the conditions are 


Ce 0, | a,b, | > 0. 


In the next case it is equally evident that they are a, > 0 and the 
like conditions for the quadric in y, z: and as by the previous case 
the latter are 

| a,b, | > 0, | 216. | | abs | 


| ac, | | ace | 


> 0, 


we obtain in all for the ternary quadric 


a, > 0, | ab, | > 0, | a,b.cg | > 0. 


Similarly for the quaternary quadric we must have a,, | a,b, |, 
| a,6,¢3|, | 4,b.csd4| all positive : and so on, the last determinant 
in each case being the discriminant of the quadric. It is casually 
added that if the 1**, 3", 5", ... . of the series be negative and 
the others positive, the quadric will be negative for all real values 
of the variables. 

As might be expected from the connection with Lagrange, it is 
also pointed out that, calling these determinants A,, Az, Az,..., 
we can by repeated applications of the fundamental transformation 
change the n-ary quadric into the form 


AU, 2 + RUL, + UL s+ ene a 
n-1 


that is to say, to an aggregate of multiples of squares of linear 
functions of the variables : for example, 


ax? +-by? + cz +2dyz+2ezxr-+ 2fxy 


2 — 

= c = a(2tty+2 2) mae: af (4% =e 2) ea ae ae 

Finally, as the quadric is invariant to a variety of sets of inter- 
changes, there must be a corresponding variety of sets of conditions : 
and, as these latter sets must be all coexistent, there follows an 
interesting theorem which we may formulate for ourselves thus : 
If the axisymmetric determinant | a,b.c,d,| and rts coaxial minors 
| a,b.c, |, | arb. |, a, be positive, then all the other coaxial manors are 


positive also. 
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Having had in the foregoing to transform 


[@,b2| ayes] 


, [abel veal |adal] 
into ay | Ayb20s |; ay? | Ayboesd |, 
Williamson proposed the general problem in the Educ. Times, where 
solutions by Townsend, Laverty, and himself duly appeared. Chio’s 
more general result of 1853 was apparently unknown. 

Buchwald’s paper is closely on the lines of Williamson’s. 


RITSERT, E. (1872). 


[Die Herleitung der Determinante fiir den Inhalt des Dreiecks aus 
den drei Seiten. Zeitschrift f. Math. u. Phys., xvii. pp. 518-520.) 
This merely gives a variant on the usual way of deducing the 
four-line determinant in question from the determinant which 
involves the coordinates of the vertices. 


BAUER, G. (1873). 


[Bemerkungen iiber einige Determinanten geometrischer Bedeutung. 
Sitzungsb. . ... Akad. d. Wiss. (Miinchen), ii. pp. 345-354.] 

The determinants are of the type dealt with by Sylvester (1852) 
and Siebeck (1862), and though there is considerable generalisation 
it only concerns the geometrician. 

Interesting on the same account and written about the same time 
is a paper of Gundelfinger’s, which, as it starts with a theorem 
regarding general determinants, has already been dealt with 
elsewhere. 

JANNI, V. (1874). 


[Dimostrazione di alcune teoremi sui determinanti. Giornale di 
Mat., xii. pp. 142-145. ] 
One of the theorems in question is Salmon’s of 1859 (Hist., ii. 
p. 153). The given determinant being 


% % UG Ly Uy 
Lie gl Deets oa tL 
t 6 e f g |, or Asay, 
Cesica WfA haat 
eS a Be | 
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Janni puts D, G, I, J for the signed complementary minors of 
d, g, 2, j in the vanishing cofactor of x), and, performing the operation 
J-col, + I-col, + G-cols + D-colk, 

obtains 
Ly %, LX, J) +a,1+0,G+2,D 
so aE Bn NS : 
SEA Sta be Me of 


EE eG BOS 
fe EL Pee 
= —(«#J+a,1+a,G+,D)’, 


as desired. 

We recall, however, our remark under Hesse (1868), that if we take 
the determinant formed from the corner elements of the adjugate 
of A and apply Jacobi’s theorem regarding a minor of the adjugate, 
we have at once 


Se a ek ae ee ee a Leto 
eds Ry Salers heal bea 
OF ere a © if. hi 
a Ff oh 4 4 


Further we note that it would have been equally appropriate to give 
HA = —(Ca,+Fa, +Ha;+I2,), 

or EA — (Ba, +Ez,+Fr; +Gx,)’, 

or AA = —(Aa,+Ba,+Ca, +D2,) ; 

and that each of the four leads to the original form 
A = —(x,A$+a,E!+2,H*+2,J%) 


II 


GARBIERI, G. (1874). 


[DETERMINANTI, con numerose applicazioni. xiii+-267 pp. Bologna.] 
Some of Garbieri’s deductions (pp. 67-75) from the result 


he Fae 
Lae te Lt ait 


7% d@...8 |= (—-I{f@—a(@}, 


gh a Pe we a 
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where 
f(a) = (e—a)(w—aq) . « » (U4); 
are more worth noting than his proof of the result itself (pp. 168— 
169). 
Thus, taking the case where 1 is 3, and where therefore the right- 
hand side is 
(@—a)(0—a)(e—a,) {14% + 2 + et 


a, %@—A, T—Az 


he shows that it is effectively applicable to the determinant of the 
well-known equation 


g f c-a 


on account of the said determinant being transformable into 


far) — fgh Fgh 


fh — gb=) gh |= Pyle 
Fgh Toh h?(c—X) 
and the equation thus taking the form 


gh hf JGAM 
gh—af+fr aw hf—bg+gr a Fy—chthy — ; 


or 


f+ + SE o=m 
A\-F A-—— A-> 
Neues g h 
for establishing the reality of the roots and determining their 
limits. 
Again, putting x equal to one of the a’s, say the first, in the general 
result, he obtains 


Lt: Teastiee ee wee E 
Oh; 1 Ug Xd; a, 
Cy Cp Ng “VE TP) POR | PES (Ore (a) 
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CAYLEY, A. (1874). 


[On the number of distinct terms in a symmetrical or partially 
symmetrical determinant. Monthly Notices R. Astron. Soc., 
Xxxiv. pp. 303-307, 335; or Collected Math. Papers, ix. pp. 
185-190. ] 


Denoting by ¢(m, n) the number of distinct terms in a determinant 
of the (m+n) order having an m-line coaxial minor which is 
axisymmetric, Cayley, by considering two different forms of develop- 
ment—Bezout’s of 1764 and his own of 1847—arrives at the 
equations 

g(m, n) = mp(m—1, n) + nd(m, n—1), 

o(m, 0) = ¢(m—1, 0) + mp(m—2, 0) + 4m(m—1)h(m—3, 1), 
and thence obtains 

(0, 0) 1 
~e(1, 0), (0, 1) 1 il 


(2, 0), p(1, 1) g(0, 2) [ pil 
Then, confining himself to ¢(m, 0), he shows that the differential 


equation of the generating function of ¢(m, 0)/m!is 


ofan Eats 
dx = l= 


and consequently that 
gpetae 


nape Saye 


This readily leads to similar results for ¢(m, 1), p(m, 2),.... 


As an afterthought (p. 335) he puts the said differential equation. 
in the form 4 
Al eal Pes) 
2(1—a) ae (2—a")u, 
and thence deduces the equation of differences 


Un = Mp — $(n—1)(n—2)Uy_s3. 
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CUNNINGHAM, A. (1874): ROBERTS, 8. (1874). 


[An investigation of the number of constituents, elements, and 
minors of a determinant. Quart. Journ. of Sci., (2) iv. pp. 
212-228. ] 

[Question 4392. Educ. Times, xxvii. pp. 45, 66; or Math. from 

Times, xxi. pp. 81-83. ] 


Cunningham devotes §§ 8-10 (pp. 220-224) to the number of 
terms in devertebrate and vertebrate axisymmetric determinants. 
There is an oversight, however, in his reasoning, and his results 
are correct only as far as the fifth order. He concerns himself also 
(§ 14) with the number of k-line minors in an n-line axisymmetric 
determinant. 

Roberts’ difference-equation for the number of distinct terms is 

Un — Un — (N—1)°Utn_g + F(n—1)(N—2){ Uns t(M—3) una} = 0, 
and Cayley establishes it by taking his own, namely, 


Uy — Mn + F(2—1)(N—2)tin_g = 0 
or, say, ae 0, 
and showing that the other is 
B,+(n—NE,4 = 0. 
The first eight values of u, he finds to be 
1.2.26, 17,19, ec, c401, -LOLDGe.0.0 


Roberts himself identifies the problem with that of finding “the 
number of distinct ways in which 2n things, two of a sort, can be 
made into parcels of 2.” 


PAINVIN, L. (1874). 


{Note sur la méthode d’élimination de Bezout. Nouv. Annales 
de Math., (2) xiii. pp. 278-285. ] 


A clear exposition of the mode of obtaining the axisymmetric 
eliminant of two equations in 2. 
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SEELIGER, H. (1875). 


[Bemerkungen iiber symmetrische Determinanten, und Anwendung 
auf eine Aufgabe der analytischen Geometrie. Zevtschrift f. 
Math. u. Phys., xx. pp. 467-474.] 


With the help of an unwieldy multiple-sigma representation of 
the elements of a power-determinant Seeliger arrives at Sylvester’s 
unproved proposition of 1852 regarding the p™ power of an axi- 
symmetric determinant. To this he adds the statement that the 
four modes of performing the multiplication lead to the same result. 
Another proposition is that the p” power of a vanishing two-line 
determinant is axisymmetric. 

He next investigates the consequences of the simultaneous 
vanishing of a determinant and one of its primary minors, say the 
determinant | a,b,c,d,| and B;. Since all the two-line minors of 
the adjugate must vanish, he has of course 


0 = |A,B;] = |A2Bs| = | AsBs| 
= |C,B,| = | CBs] = | C4Bs | 
= |D,B;| = |D,Bs| = | D,Bs| 

and O° = AB e=A,B. = ASB, 
= CB, = O3B, = C3By [ 
ap AE Rear ON D8 ee ee ee 

from which it is easy to see that 

either Orel. =U, 9D; 

or ies Beet Dats, 


The general result is that if a determinant and one of its primary 
minors, M, vanish, then the other primary minors which are in the same 
row of the adjugate with M must also vanish, or those which are in the 
same column. As a corollary it is added that when in addition A is 
axisymmetric and M is coawial, there 1s no alternate. 

Following on this is a proposition less readily acceptable, namely : 
If an n-line axisymmetric determinant and n-2 of its primary coaxial 
minors simultaneously vanish, then all the other primary minors 
vanish also. It is at once seen that after the application of the 
preceding corollary the only elements of the adjugate that require 
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consideration are those of the last two-line coaxial minor ; in other 
words, that the adjugate must be of the form 


| 0 ©) ess Ati) tel 0 | 
10 0 . Fae ORE. Oe 
Gee Oe ye 
OA) sien ee: eae ae 
(On Un ar? 
Further, it may be agreed that the data give us 
rX+yY =0 
yY+2Z =0 
xz_v? - 0}: 


but the deduction made therefrom, namely, that 
XY = Zea 0, 


is clearly not the only one. A test case that we may put to our- 


selves is a b | 
1b c ¢| 
iD eC. a Gules 


Finally, Seeliger considers the primary minors of the product- 
determinant, showing that they must all vanish if the one factor 
and its primary minors vanish and the other factor does not vanish. 


GRAVELAAR, N. L. W. A. (1875): PICQUET, H. (1875). 


[Neuer Beweis fiir die Realitiit der Wurzeln einer wichtigen Gleich- 
ung. Archiv d. Math. u. Phys., viii. pp. 301-318. ] 
[Sur une propriété du discriminant des formes quadratiques. Assoc. 
franc. pour Pavancem. des sci. 4° sess. (Nantes), pp. 225-230.] 


Both here, when dealing with Lagrange’s determinantal equation, 
and in a similar paper of 1878, Gravelaar rehearses at the outset 
a few necessary properties of axisymmetric determinants. One 
of them is that of an axisymmetric determinant with real elements 
vanishes, all the primary coaxial minors have the same sign: it is 
an immediate consequence of an old result (Lebesgue, 1837). 
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Another is identical with Schultze’s of 1871: and a third is a slight 
variant of Janni’s of 1874. 
This last is also Picquet’s main algebraical result. 


GLAISHER, J. W. L. (1874, 1878). 


[On the solution of the equations in the method of least squares. 
Monthly Notices R. Astron. Soc., xxxiv. (1874), pp. 311-334.] 

[Questions 4418, 5530. Hduc. Times, xxvii. p. 69; xxxi. p. 21. 
Solution by EH. J. Nanson in Math. from Educ. Times, (2) ii. 
pp. 95-96. ] 


What is given in the Educ. Times is an expression in the form of a 
series for d’Arrest’s ratio of an axisymmetric determinant to one 
of its coaxial primary minors. A perusal of the paper on the Method 
of Least Squares will show how the expression originates * (see 
§§ 5, 6). When freed of awkward notations it is, in the case of the 


fourth order, 
| @yboC 3d | ae aq” taal | a,b, |? | ayboC,4 |? 
4 


| AybeCs | a, | a,b,| - | 1b. | - | 45205 | 


We may note for ourselves that the corresponding identity when 
axisymmetry is not insisted on is (Hvst., u. p.40; i. p. 51) 
| aybeC344 | Ste teptin ad, | ab, ||ad.|_ | AyboC4| | Abed | 
| @4b2¢s | : ay ay | abe | | ab, | | a,b2¢ | 


and that a very instructive way of establishing it is to combine 
the first two terms on the right into one, then in similar manner 
combine the result thus obtained with the third term, and so on, 
the successive ‘ approximations,’ so to speak, being 

| ad, | | ayboda | | Aybacada | : 


a” | db, eg ty AyboCe | 


dy 
The series is thus seen to be one of those that close up telescopically. 


* Other papers on the same subject are— 

Grrr, P. van, ‘“‘Over het gebruik van determinanten bij de methode der 
kleinste kwadraten,” Nieww Archief voor Wiskunde, i. (1875), pp. 179-188. 

Carauan, E., ‘“‘Remarques sur la théorie des moindres carrés,” Mém. de 
VAcad.... de Belgique, xliii. (1878), pp. 24-33. 
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SMITH, H. J. 8. (1876). 
[On the value of a certain arithmetical determinant. Proceed. 
London Math. Soc., vii. pp. 208-212 ; or Collected Math. Papers, 
ii. pp. 161-165.] 
The determinant in question is that in which the element in the 
(r, s)® place is the greatest common measure of r and s, namely, 


Ieee eee 
Lie liege 
1 355] 
] Jal. 4 
and Smith’s theorem is that the determinant of the n“" order, D,, 
say, is equal to 

W(1)-¥(2)- ¥(8) . . . . Wn), 
where y/(r) is the number of integers not greater than r and prime 
tor. Recalling the fact that 


vn) = (1-7 )(1— 5). ar 
Pel erat et ¥e tatiana has 


where the p’s are the prime factors of n, he performs the operation 
of subtracting from the n™ row the rows whose order-numbers are 


eee 
Die aie os 
adding those whose order-numbers are 


PiP2 PiPs 


subtracting those whose order-numbers are 


raat J 


n S 
PiP2Ps 
and so on: and this being done he is able to show that all the 
elements of the n" row vanish except the last, which becomes y(n). 


bane 4 
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There is thus obtained 
D, = ¥(n)-D,-; 
and thence at once the desired result. 

A number of similar theorems are briefly referred to: (a) where 
the element in the (r, s)" place is a constant function of the greatest 
common measure of 7 and s; (b) where it is the least common 
multiple of r and s; (c) where the diagonal elements are certain 
conditioned numbers other than the first » integers. 


GLAISHER, J. W. L. (1876). 


[Theorem relating to the differentiation of a symmetrical deter- 
minant. Quart. Journ. of Math., xiv. pp. 245-248.] 


The theorem is to the effect that, Jf u = 1/A?, where A stands for 


20,  %. Ye 
Ay, 2Ayg Ogg 
| Gz, Asp 2Ag5 


Ors = Asry 


then any derivative of u with respect to one or more of the a’s is equal to 
any other such derwative having the same number of occurrences of 
each suffic-number. For example, 


eee ne Ok Ci OO ng 0210s, 
3a?, Ody, Oy,” SOU Oe O00. OA?s Clon Ola, 


It is an inference from a property of the multiple integral 


(| Vie 0a Oa 1. Wy, 


where Q is the n-ary quadric 


Ces a8 | 

2a, Gs --- | % 
oy 2dg9 UR ae an Oe 
Papuntssuiatss spots) Le 


whose discriminant is A. 
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TRZASKA, W. (1876): FERRERS, N. M. (1876). 
[Question 201. Nouv. Corresp. Math. u. p. 401. Solution by 
Even, i. pp. 91-92. | 
[An ELEMENTARY TREATISE ON TRILINEAR COORDINATES, 3™ ed. 
(pp. 59-73, 172, 179). xiv+184 pp. London.] 


Exactly in Cayley’s manner it is shown that higher-order deter- 
minants formed like his third of 1841 (Hist., ii. p. 110) vanish also. 
The result intended to be given by Ferrers (p. 72, ex. 8) is 


(b+)? c b? 
& (e--a)*_  a* = 2(be+ca-+ab)%. 
b? a®~— (a+b)? 


JAMET, V. (1877): LONGCHAMPS, G. DE (1877). 
PAIGE, C. LE (1879): WOLSTENHOLME, J. (1879). 


[Sur une application des déterminants. Nouv. Annales de Math., 
(2) xvi. pp. 372-373. ] 

[Des fractions étagées (p. 325). Giornale di Mat., xv. pp. 299-328. ] 
[Question 514. Nouv. Corresp. Math., v. p.452. Solution by Jamet, 
vi. pp. 92-93. ] 

[Question 6038. Educ. Times, xxxii. pp. 243, 315; or Math. from 
Educ. Times, xxxii. p. 91.] 

None of these is of any moment, the first and third being but 
instances of the square of an oblong array, the fourth a simple 


instance of the multiplication of two determinants, and the second 
a reproduction of Ferrers’ first result of 1855. 


MANSION, P. (1877). 


[On an arithmetical theorem of Professor Smith’s. Messenger of 
Math., vii. pp. 81-82.] 

[Généralisation d’un théoréme de M. H.-J.-8. Smith. Annales... 

Soc. Sct... . Bruzelles, 1. (B), pp. 211-224; or as §iii. of 

pamphlet ‘‘Sur la théorie des nombres.” 16 pp. Gand, 1878.] 


Mansion, recognising not only that Smith’s determinant is axi- 
symmetric but that it also has the element in the place (7, s) equal 
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to the element in the place (r—s, s), obtains the array of D,,, from 
that of D, by annexing to the diagonal of the latter the additional 
element k+1 and completing the new row and column by inserting 
im both cases the elements of the secondary diagonal of D,: for 
example,* D 


Maels als teats Lis 
Tp 
11311 
igs Basle ey 1 
oie hele a td 


He next states that with a suitable alteration in the meaning of 
the theorem holds when in all the places of D,, we put instead of 
1, 2,3, ... any quantities v,, %, Zs, . . . respectively ; for example, 
G ty TY ty % 
Uy Ty Lz Ly Xp 
@, Lg Xy Uy Xe 
ere 
Eke Race S| 
Deeg heel 


= 44(%.—2,)(%g—%)(%4—2q)(%5—2y) (%p—H, — Xo +2y). 


See ee 
& 
2 
= 


This is seen to be transformable by substitution so as to have all 
the factors on the right-hand side of the equality monomials, the 
result then being 


YH NN YW hi Yi YW 


Y. Yt+Yeo 1 Yi+Ye2 Uh WtY2 

Ta Gh W+Ys Wn YW W+Ys fe 

4. Wty, 4 YAtYtye wm A+Ys PELE 
% YN Uhl Ys YWtYs 41 

I YWtYe Wt+Yys W+Y2 Yr Yr TF Yot Yat Yo 


_ where the suffixes in any place (r, s) are the common divisors of r 
ands. The same result is also suggested if we take Smith’s theorem 
and by a well-known property of integers express every element 
of the determinant as a sum of y's; for example, 


3 = V+) 6 = ¥(11)4+¥2)+¥6)+¥-(). 


* This means that instead of defining @,, as being the c.c.m. of r and s, we may 
substitute Any = 1, Ane = Gr—ss5 Ars = Agro 
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CATALAN, E. (1878). 


[Théorémes de MM. Smith et Mansion. Nouv. Corresp. Math., 
iv. pp. 103-112.] 
This is a fresh and clearly written exposition, the last of Mansion’s 
theorems, however, being altered for the worse into “ Tout produit 
est égal & un déterminant.” 


STODOLKIEWICZ, J. (1878). 


[Proof of Cayley’s formula for calculating the number of different 
kinds of terms in an axisymmetric determinant (In Polish). 
Izwiestja Cesarskiego Uniwersytetu Warszawskiego, 1878, 
No. 6.*] 

The formula referred to is the difference-equation 
Un = NUy,-1 — 3(n—1)(n—2)u, -3, 

which is now established by merely using elementary properties 

of determinants. Putting v, for the number of different kinds of 

terms in the special form of n-line determinant which is only axi- 
symmetric after a row and a column have been deleted,f we see, 
from familiar developments of the two determinants, that 


Utes Un +(n—1)Up-» a3 +(n—1)(n—2)v,,_. ? 
Un Un +(n—1)0,4 > 


and between these the v’s can readily be eliminated, with the desired 
result. 


PAIGE, C. LE (1878). 
[Sur un théoréme de M. Mansion. Nouv. Corresp. Math., iv. 
pp. 176-178. | 


Taking Mansion’s determinant for y,y,... y, Le Paige performs 
the operations 
col,—col,, col,—col,, 
col,—col,, col,—col, ; 
col,—col, ; 


- , Ccolg—col, ; 


* Or Baraniecki’s text-book, chap. x. § 94, 


Teg. an axisymmetric determinant unsymmetrically bordered. 
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obtaining thereby 
| Oia 
1% Ye - 
ne ai sata | Sea 
SOK Po es ge 
Yi a é . Ys + 
Yi Ys Gs ee Oe Ie 


He then follows up with the like operations on rows, showing, 
contrary to Catalan’s opinion, that all the non-diagonal elements 
could be made zeros. 

The intermediate form here reached by Le Paige is not un- 
worthy of note. 


MANSION, P. (1878). 


[Démonstration d’un théoréme relatif 4 un déterminant remarqu- 
able. Bull.... Acad... . Belgique, xlvi. pp. 892-899. ] 


If in Mansion’s determinant for ¥,4.4,4,Y;y, We change y, every- 
where into y,2z,, we must obtain a determinant equal to 
Gi | 922 Fae + * = Yor: 
and therefore equal to 
YiYoY YY 5Yo ° %1%2%3% 45% » 
thus indicating a very simple rule for the multiplication of two 
such determinants. This, however, is not the result which the 
ordinary multiplication-theorem of determinants gives: and what 
is now shown is that if the two factors be taken in Le Paige’s inter- 
mediate form the said theorem gives the product in Mansion’s 
form.* 
The law of formation of Le Paige’s form is given as 
Oye = Yr when s=r 
=z) when s>r 
= @,.., When s< 71. 


* Denoting the three forms in the order of simplicity by M, P, O, we may express, 
the relation between them thus : 
UCP dang 6 5 c)) BB ERS edie o od) Sales ahs oa) 
a 1eiih 6 oo) SeOXtig Gay 6 0, cSSIRAR Uh o> ap 
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WOLSTENHOLME, J. (1878). 
[MarHematicaL PropieMs... 2" edition. x+480pp. London.] 
Under No. 1627 (1), (2), Wolstenholme gives 
—2a a+b atc 
bta —2b b+e| = 4(b+c)(c+a)(a+), 
l'eta c+tb —2e 
and Ferrers’ result of 1876, the latter of which includes No. 1627 (4). 
No. 1630, so far as it is correct, is identical with a result of Caldarera’s 


of 1871, and is included in one of Baltzer’s of 1864. No. 1633 
asserts that 


iL COS a cos(a+8) cos(a+8+y) 
COS u 1 cos 8 cos (8+) 
cos (a+ B) cos 6 1 cos y 
cos(a+B+y) cos(6+y) cos y 1 


and all its primary minors vanish, a fact which we may verify for 
ourselves by showing that it equals 


sin?a:sin?(a+)-sin?(a+8+y)> 1 k 
COS a gate a. 

cos (a+) eee) 

cos(a+B+y) 1 1 1). 


SYLVESTER, J. J. (1879). 


[Note on determinants and duadic disynthemes. American Journ. 
of Math., 1. pp. 89-96, 214-222; or Collected Math. Papers, 
iil. pp. 264-280. ] 

This interesting paper, which is based unconsciously on Cauchy’s 
expression of a substitution as a quasi-product of circular substitu- 
tions (Hist., i. pp. 101, 304-305) deals with the number of terms in 
axisymmetric and skew determinants. In addition to previously 
known results he asserts (p. 93) that if u, be the number of distinct 


terms in an ‘invertebrate’ (i.e. zero-axial) axisymmetric determinant, 
then 


Un = (N—1)(Un_y+Un2) — 3(n—1)(n—2)Uy_g, 
thus giving 0; 1,137 62279130, 1822 hana 
for the first seven values of uy. 


CHAPTER IV. 


SYMMETRIC DETERMINANTS THAT ARE NOT 
AXISYMMETRIC, FROM 1862 TO 1879. 


THE two kinds of determinants that are here considered are ex- 
emplified by 


Ry Tae 


3 
Ss 

3 & y 
RS 


| 
Cie (Os Annals | 
In the first kind the r” row from the end is, when reversed, the same 
as the 7°" row from the beginning,—a peculiarity which, as a conse- 
quence, is found also in the columns: a fitting name for it is centro- 
symmetric. In the second kind each column has only two distinct 
elements, one in the intersection with the diagonal, and the other 
occupying all the remaining places. If each row be multiplied by 


the element which does not appear in the row, the result is an 
axisymmetric determinant; for example, 


2B Gsva Cea nds Digna we, Oy 


{ 

| 

Te Glee ORAL, Ugh, Ug@a Allg Anh, | 
in = Y | = Oy AghgM,. 

OD Maye hae thg Ug, Ugly Ag, Ag, | 

en alam, | Qh, Uyhy Ads Ag, | 


An n-line determinant of the first of these kinds evidently involves 
in? variables when n is even and $(n?+-1) when n is odd ; an n-line 
determinant of the second kind involves only 2n. 
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ZEHFUSS, G. (1862). 


[Zwei Siitze iiber Determinanten. Zeitschrift f. Math. u. Phys., 
vil. pp. 436-439. ] 
Zehfuss’ second theorem concerns a determinant whose elements 
are situated symmetrically with respect to the centre of the square. 
When the order-number is even, 6 say, it is to the effect that 


the result being reached by performing the operations 
TOW, +Trow,, TOW,+I0Ws, TOW3+I0W, 
followed by 
col, —col,, col,—col,, col,—cols. 
When the order-number is odd, 5 say, it is similarly seen that 
G, Gg Ay A a, 


bibs bor Ge by a,+a,; y+ apr Zag) Pasian 
ys Goi Gy Cp. Cr | =.) Oy t-O, Oe ears A hekt, tepe aap 
Dow) pe Day Doan, k sseasly Ce Di pee ome 


Qs A, As Wy Ay 


The latter case, however, is incorrectly stated by Zehfuss, the 2’s 
in the first determinant on the right being omitted and a power of 
2 prefixed to the said determinant as a factor. 


FERRERS, N. M. (1866). 
[AN ELEMENTARY TREATISE ON TRILINEAR CoorDmInaTES. (Chap. 
ii. pp. 59-72.) 2™¢ edition. xiv-+182 pp.’ London.] 
Ferrers’ last exercise when correctly stated* depends on the result 
* Another mode of correcting would make the underlying result 
a (c+a)®? (a+b)? 


(b+c)* b? (a+b)? | = (a+b+c)3(— Za’ — Dad), 
(b+c)? (c+a)? e 


Aj+dg G+, Agstay, @,—Ag A,—A, Ag—M% 
=|b,+b, ba+b, bg +b,|.|0,—b, b,—-b, b—h 
b, b, b, b, b, Cy +l, Cots Cote, C,—Cg Co—Cy Cgo—-% 
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(b+c)? b? Ce 
a? (c+a) Ce = 2abe(a+b+c), 
a b2 (a+b)? 


given the same year in Salmon’s Modern Higher Algebra (p. 14). 
The determinant has the simple axisymmetric form 


(6+c) ab ae 
ab (e+ay be 
ac be (a+b)? |. 


SARDI, C. (1868). 
[Un teorema su’ determinanti. Giornale di Mat., vi. pp. 357-360.] 


Sardi viewed his determinant as a generalisation of Torelli’s 
axisymmetric determinant of 1864. When of the fourth order it is 


ss Ceseneg 

OB ae: 

LON OTS RT 

LIOTTA me eS 
all the elements of any column being identical except the diagonal 
element. Of his two ways of treating it the second is the better, 
namely, changing it into a determinant of the fifth order by appending 
a row of four zeros and then a column of five 1’s. This five-line 
determinant is then seen to be equal to 


L4— A, é 1 
Le— Ae 1 
La — Os 1 
a,—-a, 1 
—, he — hs —a, 14, 


and therefore equal to 


(2 —4,)(%_,—@,) (Lz, —Ag)(L,—Ay) 
+ (%,—4))(%_—Az)(X3— As) My 
+ (%,—@,)(L,—Ay)(L,—A,) Ay 
+ (%,—4,)(L3—A) (L,— Ay) A 
+ (%,—A)(@3— As) (L,— Ay) 
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or 


“08 ay oe ea aed } 
(2, —4,)(_—Ay)(L3—A)(%,—4,) {a a L,—, t Lo— Ay uy L3—As oe i iad 


He might appropriately and with equal success have followed 
Torelli’s method, namely, beginning by changing the diagonal 
elements into 

L,—A,+4,, Ly—A,+A,, y—Az+Q3, %—A, +A. 
He might also have remarked that when each of the z’s is made 
equal to x and each of the a’s equal to a, the value of the determinant 
is (x—a)*-1{x+(4—l1)a}. 


LUCAS, F. (1870). 


[Sur une formule d’analyse. Comptes rendus... Acad. des. Sev. 
(Paris), xx. pp. 1167-1168; or Journ. (de Liouville) de Math., 
(2) xv. p. 179.] 
Lucas’ determinant is the particular case of Sardi’s, in which the 
diagonal elements are such that the sum of the elements of each row 
is x. The value of the n-line determinant is thus 7(#—a)"-1. 


WOLSTENHOLME, J. (1870). 


[Question 3285. Educ. Times, xxiii. p. 209, p. 259; or Math. from 
Educ. Times, xv. pp. 40-42 ; solution by V. Mollame in Giornale 
di Mat., ix. (1871), pp. 58-59.] 


Wolstenholme’s result is that, if s stand for a+-b-+-c-+d, 


(s—ay we a a 
b (e—be . B b2 eakeat ab 
; = 5. 2 4.2 eee 
2 eo (s—c?? ee sailed & ne b “. c ne al ) 
ad? cl? tf (s—d) 


It is seen to be the next higher case of the general theorem fore- 
shadowed under Ferrers (1861). To establish it S. Roberts in effect 
transforms the determinant by subtracting the first column from 
each of the others and removing the factors s?—2sa, s?—2sb, s2—2sc, 
s*—2sd, the development being then found in the form 


2 b2 2 J2 
gs (s—21)(s—2b)(s—2e)(s—2d)-(s + a + PREG) + a + =) 
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from which Wolstenholme’s form * is readily derived. The merit 
of Roberts’ result is that it is true for any value of s and is easily 
generalizable, the corresponding expression for the three-line 
determinant being 


Lae Se _ob _9 . ¥ az b2 nich ‘ 
ote Mea=20 (s a s—2a * 89 + ee) 
which, when s stands for a+b-+<, is easily reducible to 2s° - abe. 
J. J. Walker’s procedure, on the other hand, is to start with the 


more general but self-evident result 


A+a a“ a a 
Ce pesos 7 e 8 = 
= ABOD ‘6 
Y aman wey, OD ees a BES, 
6 6 6 D+é 


and then make the requisite substitution. 
Mollame’s process at the outset resembles that of Roberts, but is 
not an improvement. 


GUNTHER, 8. (1873, 1876). 


[Ueber einige Determinantensatze. Sitzungsb.... Soc. zu Er- 
langen, v. pp. 85-95. ] 
[Ueber aufsteigende Kettenbriiche. Zeitschrift f. Math. u. Phys., 
xxi. pp. 178-191.] 

What is here established, in two different ways, is Lucas’ special 
result of 1870. 

In the paper of 1876 Giinther incidentally returns to the subject 
($5, pp. 183-184), the penultimate form of his development, how- 
ever, being the same as Albeggiani’s of the year preceding. 


* Wolstenholme’s form of development seems oddly chosen ; for it manifestly 
= 235-Sabe — 8st-abed = 254(s - Zabe — 4abed) 
= 254+ Dazbe. 

The corresponding determinant of the fifth order, when s = a+b+c+d+te, 


is equal to 
25°(s, Da*bc + 12abcde), 


from which the preceding result is got by putting e = 0. 
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ALBEGGIANI, M. (1875). 
[Dimostrazione d’una formula d’analisi di F. Lucas. Giornale di 
Mat., xiii. pp. 107-112.] 

With considerable fullness of explanation the determinant is 
expanded in a series arranged according to descending powers of z, 
the result being 
ees Oy (ea yea Cen g(t to ed ae 

1. 2(x— a)". 
Specialization is then needlessly used to obtain the otherwise self- 
evident result 


Oe yetes tn ee Opt 
Qt) O. -de Oe 
GDB. yu Oe OY (G25) 
@i 1G1) Gldnwees 1OGR0 
gag Pag hie settled he ate 
and Sylvester’s evaluation of the circulant 
OTe go Fo Cae Pa aates CB re 


JOHNSON, W. W. (1877). 
[Problem 156. Analyst, iv. pp. 90-91.] 


As the interchange of any two variables of the determinant 


BS [ny ate 
eh Wah te 
CD 


may be effected by an even number of interchanges of lines, it 
follows that the determinant must be a symmetrical function of 
the variables. In the next place it may be shown that the deter- 
minant must be of the form 


1—2>)ab+y > abe—z > jabed+ 2. , 
and lastly that 
2; 4, Bi paataigad yyy Beescapbe 
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SCOTT, R. F. (1878). 
{On some theorems on determinants. Messenger of Math., viii. 
pp. 33-37. ] 

Scott’s mode of dealing with Lucas’ determinant is independent 
of any development, the factors being obtained by inference. That 
x is a factor is known from the sum of the columns: and, by sub- 
tracting a suitable multiple of a particular column from any one 
of the other columns and then putting « = Xa, it is seen that 
x — Ya is a factor of the latter column as thus altered, and that 
therefore (x— Xa)" is a factor of the determinant. 

The same procedure, he adds, gives the related result 

~—a, YXa-—a, LYa—a, 

La—a, L—a, La—a, 

2a—a, Ya—a, T—AaA, 


= {a+(n—2)Za}(a— Za)". 


md 


WOLSTENHOLME, J. (1878). 
[MATHEMATICAL PROBLEMS.... 2" edition. x+480 pp. London.] 
Under no. 1627 (6), Wolstenholme gives 
a—n(b+c) (n+1)b (n+l)c | 

(n+l)a b—n(e+a) (n+l1)e | = n(a+b-+c), 

(n+l)a (n+1)b  c—n(a+b) 
apparently not observing that it includes 1627 (3) and 1627 (7). 
The case of it where n is 1 is also a case of the first equality given 
by “H.1” in 1846 (Hzst., ii. p. 114). 


SCOTT, R. F. (1879). 
{On some symmetrical forms of determinants. Messenger of Math., 
vii. pp. 131-138. ] 


The latter half of this paper is occupied with very special forms 
of centrosymmetric determinants, beginning with the 2m-line 
determinant whose primary diagonal consists of a’s, secondary 
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diagonal of b’s, and whose every place else is occupied by c’s. With- 
out using Zehfuss’ theorem, this is found to be equal to 
(a—b)"(a-+-b—2c)"-1 (a-+b+2c - n—1), 
the factor (a—b)" being got by considering the effect of putting 
a = bin the determinant, and so on. 
The other determinants are still more fanciful in form: for 


example, 


Ce Ghai be) by 

Cte Gl. 0, Yausc (a—b)(a—y+c—d)* + (e—d)(x—y—a-+b)8 
d td eae) c wo a—b+c—d 

e cy xdd (a-+b)(a+y—c—d)® —(c+d)(x+y—a—b) 
cy ba d| a+b—c—d 
Ce Valaie trey nice 


the first step in the evaluation here being made with the help of 
Zehfuss’ result. 


SCOTT, R. F. (1879). 


[On some symmetrical forms of determinants. Messenger of Maith., 
vil. pp. 145-150.] 
In returning to determinants of Sardi’s form, Scott returns also 
to the original method of Sardi, namely, substitution of a suitable 
determinant of higher order. He thus obtains for 


r—a)* b? in. © (w—ay ab ae 
a (a—by Mad 0 WA ab (a—b)? be 
a? be (E—C)" sa, ae be (a —c) at, 


the forms 


—a —l —c ...| 1 —a —b —c 
x(a—2a) | a x(x—2a) 
x(a—2b) b f x(x—2b) 
x(~—2c)... c : : a(a—2c)... 
art Wat ae ote eas ee ee 


respectively, whence comes the common development 


2 2 2 
x”! « (x—2a)(w—2b)(x—2c) ... {2 pas ne ae 7 a at ac }. 
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The result of bordering the given determinants, by prefixing 
horizontally and vertically 


LU Ee Ea 
to the first, and 
0, a, 6, a 


to the second, is a pair of determinants with the values 


= 1 L 1 
a rea (x—2a) (x—2b)(x—2c) se i cee h ate aes 5 « i 


a! a Be e 


r—2a 
The case of the former value where 


eo = a-+-b-+c+. 
is fully worked out for n = 3 and for n = 4. 
In his text-book, which appeared the following year, he goes a 
little further (pp. 216-218), bordermg axisymmetrically the first 
of the initial determinants above with the two lines 


ee arate lee OU, 
By, By, Sn? 5? Bas 0, 0, 
the evaluation being 
1 1 8 B 
fe {(2—20)(2—20) on? ga beh 
B B, a 
paca cab St i whe =2aguee sohas 


and generalizing the second initial determinant so as to have 


Xe, o,07; ew le Se —a,b As eo ey 
a,b, X_ a,b, : ki cif 
(0 G04 ek eae a +x a axe a stag 


n 


He also notes (p. 214) the peculiar 2n-line determinant whose odd 
rows have an a where they intersect the diagonal and a 6 elsewhere, 
and whose even rows have the reverse construction, the evaluation 


being 
(—1)*-1 - (n—1) - (a—b)". 


CHAPTER V. 


ALTERNANTS, FROM 1860 TO 1879. 


ALTHOUGH the attention given to alternants in the preceding 
twenty-year period was very considerable, greater, indeed, than 
in the case of any other special class except axisymmetric deter- 
minants, the present period shows a marked increase, the number 
of writings being almost doubled, and one or two of them being 
of unusual extent. 


CLEBSCH, A. (1860): ‘UN PROFESSEUR’ (1860). 


[Ueber symbolische Darstellung algebraischer Formen. Crelle’s 
Journ., lix. pp. 1-62.] 
Solution de la question 515. Nouv. Annales de Math., (1) xix. 
pp. 181-182. ] 


In the first of these two papers (p. 41) there incidentally occurs 
the simple equality 


a? ab, 6? 
Gg? gb, b,2 = |b, | + | a,b5| - | aob5 |, 
3” asd, 6,” 


which is perhaps best viewed as the result of substituting b,/a,, 
b,/a, bs/a for x, y, 2 respectively in the two forms of the difference- 
product of 2, y, z. 


The second paper merely reproduces Cauchy’s mode of factor- 
izing | @,°b.'c3* .. . |. | 
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BORCHARDT, C. W. (1860). 


[Ueber eine Interpolationsformel fiir eine Art symmetrischer 
Functionen und iiber deren Anwendungen. Abhandl.... 
Akad. d. Wiss. (Berlin), pp. 1-20; or Gesammelte Werke, 
pp. 153-172.] 


From a different standpoint the interpolation-formula here 
dealt with may be viewed as giving an expression for the quotient 
of an alternating function | F(z,)-Fi,(2). . . Fin(%m)| by the 
difference-product of the variables. The theorem is that if none 
of the F’s be of a higher degree than the (n—1)", and m be greater 
than m, then 


| F(a) + Fy (a). . . Bin(@m) | 


oo1 —1 
| eae Ta 
>, | F fo ae ot Rais F(a) | , R(x, Vo, eo) Wekists Lm > Om+1> Am+2> a 809 Q,) 
2" spy ae R(a,, Ae, ONS eke 9: Ams On+1> An+e, eben eS a,,) 
where a Zg, + +) m3 Ay, Ig, . . -, A) Stands for the product of 


the mn differences got by subtracting each quantity on the left of 
the semicolon from each quantity on the right, and where the = 
betokens a sum of C,,,, terms, of which the first is given and the 
others differ from the first merely in having another set of m of the 
a’s instead of the first set. 

In regard to this it is appropriate first to note that there are 
C,,,m different cases in which the equality is easily seen to hold, 
namely, the cases where the values given to the variables are any 
m of the quantities a,,a2,...,4,. Nothing more than substitu- 
tion is required, all the C,, , terms on the right except one vanishing 
in each case, and that one being identical with the left-hand member. 
It should be noted too that the specified limitation respecting the 
degree of the F’s is not here required. 

In order to establish the absolute identity of the two members 
Borchardt uses n? times Lagrange’s interpolation-theorem 


F,(2) F(a) af F,(ag) ach F(a,) 


a © Blan) (2—an)” 


plz) h(a) + (Z— ay) — P'(ag) + (2 — G5) 
in which ¢(z) = (¢—a,)(2—a2) . . . (2—@»), and which only holds 


134 HISTORY OF THE THEORY OF DETERMINANTS 


when m<n, and thus obtains from the multiplication-theorem 
of determinants the result 


| F(a) - F(z) arene Fin(Zm) | 
$(%1)* (Lp) + - » (Lm) 


a | Fy(ay) + F.(ag) . . - Fim(am) | | — (ne — am) ] 
a > ¢ (ay) : (az) re d (am) | (a, 1) (Xp 2) (Lm ) i} 


It only remains then to employ on the right the already known 
equalities 


P (ay) + (ag). >= 6 (Am) = (— 1)» | ag. want |? - Rilag, <5 Gms Cae eee 
and 
| (ay = ay)" "(y= ag)“. « (n= am)? | = (— 1)" - 
and on the left the self-evident identity 
(2) > P(a4) .- . PS) == RZ)... iA Gy, Gar.cand.Gn) 
= R (a, 6 005 Gig 3 Qyy os +> Bm) * (Qs 2. es an) Cea 


A remark added by Borchardt, and specially interesting from his 
standpoint, is to the effect that when m is taken equal to 1 the 
theorem degenerates into 


R > Ag, Ag,- + +5 An 
File) = Fla) ee 


. ? 
G1, Ag, Ag,- - ey an) 


| aah... etl oe ae oe 


I(Z5.. «25 Sent Gate nce 


that is, into 


F(a) = ») F(a) 

R(a; ay, ag, . . -, an) R(a,; ag,» . «5 an) (@— ay)’ 
which is exactly the simple interpolation-theorem used in the 
course of the demonstration. 

On our side, however, it must be noted that Borchardt’s theorem 
is of no practical use if we are seeking for the result of the per- 
formance of the actual division indicated in the left-hand member, 
as the equivalent offered by the other member involves not only 
the legitimate «’s, but also the n extraneous quantities a,, Ogio ae 
For example, when m= 2, n = 3, F(z) = bz, F(z) = cz, we 


obtain for 
ba, cx,? 


Da, cxr,® 


+ (%—a), 
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which is manifestly equal to bcx,7, the expression 


(2% — a3) (%_— as) (2 — ag) (%_— ag) (a — a) (@_ — 94), 
(a1 — a3)(ag— as) (ay — ag) (a3 — ap) eas *(ay AP AUKACAE 


and, if m were greater, we should be offered a greater number of 


beayag + beayaz 


more complicated terms. 


TRUDI, N. (1864). 


[Intorno ad un determimante piu generale di quello che suol dirsi 
-determinante delle radici di una equazione, ed alle funzioni 
simmetriche complete di questi radici. Rendic. dell’ Accad. . 
(Napoli), pp. 121-134; or, with slightly different title, in 
Giornale di Mat., 11. pp. 152-158, 180-186. ] 

The main theorem reached by Trudi is essentially the same as 
one of Jacobi’s of 1841 (Hust., i. p. 341), namely, where the quotient 
of an alternant by the corresponding difference-product is expressed 
as a determinant whose elements are complete homogeneous 
functions of the variables. These latter functions, which Jacobi 
denoted temporarily by C,, C.,..., are recognized by Trudi as the 
‘aleph’ functions of Wronski (H7st., ii. pp. 216-218), and are suitably 
represented by enclosing the set of variables within brackets and 
making the degree-number an exponent : for example, 

(a, b,c} = a+b-+e, 
(a, 6, c® = a? +6?+c?+ab+ac+be. 
Starting with the self-evident development-formula, 
ep ye OO (Oo by tO (De, ar by A act (0,6,...., 0), 
and having thence shown that 
(GAbhene yea Caaewe, Lit +i(bpen natty 
and 
(0,0,..-,%, 4) —(G; 0). 22,0, Of = (b—1) (4,0... 5 4, b, LY, 


he is prepared to deal with the determinant in ore namely, 


(abe evd eee Unreal 
Subtracting the first column from each of the others, he finds 
tha bo ec d at (a, D yaaa (Gore (a, aye 
Pe be oP dé |_| a® (a,b)P? (a,c? (adh iat SE 
mr bY 6cY «dT CEE; D))e m0, GC) (0, a) 


= > ¢ dé JOP! TCROVS’ MORO: 
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In the second place, by treating the new determinant in the same 
way, the second column being now the subtrahend, he removes the 
factors c—b, d —b; and finally there is obtained 


at .(a, 6)! (a,b,c)? (a,b, ed" 
| abbecrd*| | a® (a,b)P-! (a,b,c? (a,b,c,dP* 
| abt c2cd3 | ~ | ay (a,b)r-! (a,b, c)y-2 (a,b, ¢, dyy-? 
a. (a Oy Meu ee (0, a) 
A variant form of this is got by showing that all the variables can 
without any substantial change be introduced into each column, 
namely, 
(a,b, 6 dy (a, bodys (a/b «df 44. bay = 
(a,b,c, dF. {a-b, c,d. (i, bre dy (abet | 
(a, b,c, dy (a, 6, ¢, dy"! (a, b, , dyr-* (a, B, e, d)r-? | 
(a, 0, ¢, d¥ (a, 0-6, 0 Gel, OY te, Da ae 
Both forms agree with Jacobi’s results, when in the latter m is put 


equal to x. Jacobi’s procedure, however, is not nearly so attractive 
and convincing as Trudi’s. 


BALTZER, R. (1864). 


[THEORIE UND ANWENDUNGEN DER DETERMINANTEN. 2te 
vermehrte Auflage. vi-+-224 pp. Leipzig.] 


The section dealing with the difference-product (§ 10. pp. 70-92) 
is much fuller than in the previous edition. Most of the additions, 
however, have been already noticed under their original authors. 

Attention is properly drawn to a theorem suggested by Borchardt 
in 1859 when dealing with Bezout’s condensed eliminant (Hist., 
i. p. 148), namely, that if 


Flay) = S)(aycly jen been! 
| F(hyk,) F(hghe) Cw F(A, Ay) | 
= | Gooey. + Ba-an-il + CE(hy, hg, .. ., ty) CHK, he, . . ., Fe): 


this is merely a double application of the multiplication-theorem. 
Leaving out one of the difference-products we should have another 
so-called theorem. 


then 
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Cauchy’s identity (Hist., i. p. 345)* 
i CALI Gals (ea CS (-1)3"-)| ala ay an 
where J(@)= @—a,)(@=a,):. .(e@~ a,), 
is exemplified by the case where the a’s are the n rocts of 1, the 
square on the right being then equal to 
(= 1B —r—-2) qq”, 
As a contribution of his own, Baltzer brings forward 


Led! 


| a,a, - n-1 


l=(4 + eee ) + lata... i 

\I'(a 1) te(a+ I (an) ri 

| in order to introduce another result of Cauchy’s, namely, that 
when 


? 


Uy, Ug, = --.5 Un = Oy a, =. - » & 

the bracketed expression + on the right is equal to 0 when 7 has any 
one of the values 0, 1,..., n—2: secondly, is equal to 1 when 
r=n-—Il1: and, thirdly, is equal to the complete homogeneous 
function of a, ag, ... of the (r—n-+1)'" degree when 7 has a greater 
integral value. 

It is also worth noting that he gives (§ 10. 10 and 17) expressions 
for the (2, k)" principal minor of 


Hip 2es oe, (and Ole (Sp—- an Goaes) 2-6 ,—a,): “fi, 


namely 


Ja 


Cink | Hage an} | 
SACHS Re ag 
and 
ae Tes ax (8, — a)~ (Be iis )a Bs » (Ba— an) ; 


where c,,_, is the coefficient of a?~*~' in f(a;), and 
Hx) = (€—B,)(@—Bo) - - « (€—Bn)- 
* Originally in Journ. de Véc. polyt., x. (1813), p. 485, pp. 497-502. 


+It is also clear that in this particular case the bracketed expression is the 
coefficient of 2—”—! in 


1 1 1 
(way) F(a) * (= ag) F(a) © * an) Pan) 
and therefore in 1//(2z), a result given by Jacobi and used above by Brioschi 
(Hist., ii. p. 216). 
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To these may be added from another section (§ 3. 15) the result 


on-l 
Oa, * Ody 8/8 Oa,-1 


n—2 
n-1 


=(—1)"-1-(n—1)! 


1 n-1 0-1 
Ay+++ GQ, a,a,.--.a 


0 
Gc 


STERN, M. A. (1865). 


[Ueber einen Satz aus der Determinantentheorie. Crelle’s Journ., 
Ixvi. pp. 285-288.] 


The theorem is that if ¢,, #2, . . . be functions of the first, second, 
. . . degree in the variable, and have 1 for the coefficient of the 
highest power in each, say 


pi(©) = €+4y, 
P(L) = +4 .€+ Ay, 


gn -1(@) we CT Oy yO" P+ oe wi ei ions hae 


then the determinant 


1 gi(%) pal) ~~~ Gr(%) 
1 $y (%) peo(%) «~~ Spy (ae) 


1 $1 (Xp) $2(2n) St * Pn-1 (Eq 
is equal to the difference product of a, 22,..., 2%,, being in fact, 


although Stern does not say so, the difference-product multiplied 
tow-wise by 1 in the form 


1 
a 21 
Mg ty 1 


G33 Agg Ag I 


The theorem is clearly a case of that which we have spoken of under 
Baltzer (1864) as a “so-called theorem.” By means of it the 
determinant 


| C,.,0 OF 1 C..,2 aio cat Mel Ciel e 


Loy 
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or 

1% 3% (%,—1) $a, (2 —1)(@% —2) 

1 a $%2(%—1) §a2(%, —1)(m—2) ... 

1 Ln, $2n(%,—1) $€n(L_—1)(%_,—2) 
is at once seen to be equal to the difference-product divided by 
[r-t2n—23"-34"—4 | | | (n—1)!,—a result obtained the same year 


by Zeipel (see chap. xx.) when studying determinants with elements 
of the form C,,,. 


DIETRICH, M. (1865). 


{Zur Theorie der Determinanten. Archiv d. Math. u. Phys., xliv. 
pp. 844-355. ] 


Dietrich’s subject is really the difference-product and related 
determinants, and the interest of the paper at the outset (pp. 344- 
348) lies in the order in which a number of previously known 
theorems are evolved. As an instance we may take the axisym- 
metric determinant 


2a, 2a, 28, 
a,+a, a,+4a, GE mer p= UW Oe 4 ee g 
2a,  2dy 2a, oe 
Gy Oy as 1d, dy tan or ana 
one oan Qn oS i eo oe > DO 
CATO, Cyaar ky So SS Aaa 


as Dietrich writes it. This he reaches while on the way to Cauchy’s 
double alternant of 1841 (Hist., i. p. 345), whereas if in Cauchy’s 
result he had put each negative 8 equal to the corresponding a 
he would have obtained 


de Cope epee ree 
1 I @ 
yt s 2” * alo GN) a 

oo ,n 


where D is the product of the differences of the a’s and S the pro- 
duct of the corresponding sums. There would then only have 
remained to multiply both sides by 2a,-2ag.... 2a. 


(as— 8,)(ae— Bs) sieue (as— Br) 
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The fresh matter consists of deductions from Cauchy’s result 
just mentioned ; for example, 


eS hs YA oon og WE 
1 


ret: egg we) 


X(ay, Gg,-++ 5 Gn3 By Bor-++> Br 


sae c— 1)2" n—1) 


pes Pe os a WD 


where in the denominator on the right we use Borchardt’s 
notation of 1860. The sets of simultaneous linear equations 
corresponding to these new determinants are also dealt with. 


SALMON, G. (1866). 


[.... Moprern HicHer AtcEpra. 2" edition. xv+296 pp. 
Dublin. | 


In view of subsequent extensions three of Salmon’s exercises are 
worth noting, namely, 


1 sina cosa 


1 sinB cos | = 4sin}(a—)sin }(6—y) sin })a—y), 
1 siny cosy 


cos $(a —B) cos$(a+) sin}(a+ 8) 1 sina cosa 
cos }(B—y) cosh(B+y) sin}(B+y) |= 4/1 sinB cosB 
cos}(y—a) cos$(y+a) sind(y+a) 1 siny cosy |, 


sina COSa sinacosa 
sin8 cos sinBcos B |= 2sin $(a—) sin }(B—y) sin }(a—y) 
siny cosy sinycosy| -{sin(a+ 8)+sin (8+ y)+sin (y+a)}. 
Attention might have been drawn by Salmon to the common factor 
sin 3(y—f) - sin $(y—a) + sin }(8—a), 
and to its analogue in algebraic alternants, namely, the difference- 


product. Were it not important to bring out this fact, the 
evaluations 


0 0 0 
Dsin(a-8), 32> sin(a- 8), 4>/sin 2a sin(B—y), 
might be considered more easily obtainable and in other ways 
preferable. 


ALTERNANTS (RUBINI, 1866) 141 


RUBINI, R. (1866). 
{Su talune formule relative a determinanti. Rendic. dell’ Accad. 
GEUET SOLAS, os (Napoli), pp. 109-115; or Giornale di Mat., 
iv. pp. 187-192.] 
Rubini’s fundamental result originates in the equatement of the 
two forms of solution of the set of linear equations (Hzst., 11. p. 155) 


av, +ae,+...+aa = wf 
Jr=0 2 
namely, the solution 
4 (ua) f(a) 
FT (u) , where f(u) = (w—a,)(u—a,) . . . (W— Gn), 


en (t—G,) f(a.) 


and the solution 


wees jae ders 
t= 
A. _, > Where A =|a‘a, ‘eg 
ii, Ag=U |? te le ate 
OPT aN 


The result which evolves itself quite simply is 

An-2{ f(a)pr-t = (1) OT AgeuAgen «2 Aaeue 
The particular case where w = 0 is then deduced and the outcome 
formulated; and lastly, with some trouble (pp. 113-115) both 
members are expanded in ascending powers of u and the coefficients 
of like powers equated. 


TARLETON, F. A. (1867). 

[Question 2367. Educ. Times, xix. p. 280; Math. from Educ. 
Times, ix. pp. 69-70. ] 

Tarleton’s theorem is that the Jacobian of Da, LaB, LaBy,... 


with respect to a, B, y,... ts equal to + €4(a, B, y,...)3; and the 
proof is made to depend on changing the determinant into the form 


1 Sa—a LaS—ara-+a’ 


1 Ya—B YuaS—PB2a+P? xe 
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We may note for ourselves (1) that if m be the number of variables, 
the connecting sign-factor is (—1)?”-, the said determinant being 


equal to 
Leas Oe 1 , 
LE Oar Gs Oe ee Ya —1 ; 
Le ACY dels daa: — La uf i rane 
In Xp toe OR es LaBy —YaB Ya —1 ... 


> 


and (2) that, save for this question of sign, Cauchy’s reasoning 
about | a°B'y?... | might with equal effectiveness be applied here 
(Hist., 1. pp. 309-310). 


COTTERILL, T. (1867). 


(Question 2409 or 4830. Educ. Times, xx. p. 42; xxviii. p. 194; 
solution by J. Hammond in Math. from Educ. Times, xxviii. 
pp. 26-27.] 


The theorem set for proof is that if (pxy) be an alternating function 
of p, x, y, and the function be of such a nature that 


(pxy)(pzt) + (pyz)(pxt) + (pzx)(pyt) = 0, 
or, say, (p,xyzt) = 0, 
whatever p, X, y, 2, t may be, then 
(acd) (aef)(bde) (bef) — (bed) (bef) (ade) (acf) 
as an alternating function of a, b, ¢, d, e, f. 
Neglecting Hammond’s procedure and taking one of the fifteen ~ 


pairs of letters that may be interchanged, say b and e, we see that the 
new function will be alternating with respect to the pair if 


(acd) (aef) (bde) (bef) — (bed) (bef) (ade) (acf) 
= —(acil)(abf\(edb)(ecf’) + (ecd)(ebf)\(adb)(aef), 
that is, if 
(acd)(bde){ (aef )(bef) + (abf)\(cef)} = (bef (acf){(bed)(ade) + (cde)(adb)}, 
and therefore if 


(aef) (bef) + (abf)\(cef) = (bef)(acf) 
and (bed)(ade) + (ede) (adb) = erent 
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that is, if 
g(f,abce) = 0 = ¢(d,abce): 
and this by hypothesis is the case. In the same way it is readily 


found that the fourteen other interchanges necessitate only two 
other pairs of conditions, namely, 


d(a,cdef) = 0 = ¢g(b, cdef), 
p(c,abdf) = 0 = ¢g(e, adbf). 


There is thus a considerable surplusage of hypotheses in the pro- 
position as enunciated. 


CLEBSCH, A., anp GORDAN, P. (1868). 


[Ueber biternire Formen mit contragredienten Variabeln. Math. 
Annalen, i. pp. 359-400. ] 


The procedure followed (pp. 390-391) in order to obtaim the 
quotient of |a%b’c*| by |a°b'c?| is exactly that laid down by 
Jacobi in 1841, the result being of course 

(a, b, c)"+(a, b, c)** — (a, b, c}—'(a, 6, ¢)”*, 
as we also know from Trudi (1864). 


MERRIFIELD, C. W. (1870). 


[A verification of the solution of a particular system of simultaneous 
equations. O. C. and D. Messenger of Math., v. pp. 206-207.] 


The system referred to is Lagrange’s of 1775 (Hist., u. p. 155), 
and the procedure is fully indicated by the word ‘ verification.’ 


EUGENIO, V. (1871): FIORE, V. (1871). 


[Quistioni. Gornale di Mat., ix. p. 67.] 
[Dimostrazioni d’una trasformazione di determinanti. Grornale 
di Mat., x. p. 170.] 
The questions concern the identities dealt with by Prouhet (1856), 
and well known prior to that date. 
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NAEGELSBACH, H. (1871). 


{Ueber eine Classe symmetrischen Functionen. Sch.-Prog. 42 pp. 
Zweibriicken. | 


This is an elaborate investigation of the quotient of | a* a’ a | 
by the difference-product of the a’s, the contents of its forty-two 
well-filled pages being divided into twenty-two sections with seventy- 
one numbered results. These last, however, are of very unequal 
importance, most of them in the early sections being already known 
although their authors are not named, a considerable sprinkling 
being trivial, and many, especially in the later sections, belonging 
strictly to other branches of algebra than determinants.* 

The most important theorem is dealt with in §§ 6, 7 (pp. 8-11). 
Beginning with Bellavitis’ result of 1857, namely, 


Ole h-1 Atl n 

0, (0, Ae, ees 

0 1 h-1 h+1 n 

a, G,..-. W, , 22 2 G, ers 4 
vet n—h* ¢ ’ 

h-1 ht 
ao'ObS Lr a at he ae 
nr n n n 


where C,,_, is a function of the a’s defined by the identical equation 
(w—a,)(z—@.) . . . (—a,) = 2*—C,2"14C2"2—... 
and ¢} denotes the difference-product of the a’s, he continues the 


use of Bellavitis’ procedure. That is to say, by annexing an addi- 
tional row and column he forms the determinant 


0 1 h-1 h+1 u n+1 

By Oe Gee ae eee, 

0 1 h-1 h+1 n n+1 
a, a, Apa a, a, ee latts a, a, 

0 1 h-1 h+1 n n+1 
, a, ene a, a, amen a, a, 
a the, apabal GMa rom iets 


which from what precedes is known to be 
a! Cciyi (Gye Ugh ote Daye) ‘O(a, De a, WER): 
*The main results are clearly stated on pp. 149-152 of his paper ‘‘ Studien zu 


Fiirstenau’s neuer Methode...” in the Archiv d. Math. u. Phys., lix. 
pp. 147-192. 
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and therefore 
ai away (Gio) tC; One (Anrrem. @)} 


-{(@—a)(2—a4) . . . (@—a,)- la, . . . , @e)} 
= (Canin + 2Cy-1) -(a"—Cyat + Cyr.) G 


He then equates the coefficients of 2 in the two members of 
this, obtaining 


Oil Sl in 7a ES ntl 
Gat. a, a, ; ‘ ; 
0 1 h-1 h+1 j-1 j+1 n+l 
(capo | TM a ag 
0 1 -1 h+1 j-l j+l u+1 
a a, Bes a a, - a a, ++ @ 
=e n-j f 4 
a (1) Cons Ones as Ber (Cl ere, 
and thence 
ae i ha.) Tae Fes) ape ee Cui Ce; 
a, A, + +> a, Way See Wey a, 20 + &, = | C C 
n+l1—-h n-h 


Following the same procedure with this second result as a basis, 
he next obtains 


0 1 h-1 h+1 yeaa | jt1 k-1 k+1 n+2 
DP ak PRE Cen A AR nO SI OE Sree 


Caaek Cutt =k ee i 
a, Cro -j Cati-j Cj ¢ > 
C,,42- h Crt -h Ce 


and thereafter in similar fashion 


ot oe Sap eal. pais Figs 
ery i On cee Oye Teo nl Ops 


roe 
co 
\ 
_ 
| 
oo 
~ 
| 


Ch43-7 Cre Cyst Ce 
Cy 43- k Cyie-i Cees C 
Crs =} Cire et Cras =j 


C 
x 
Cran Cees Cis (re, ° 


The general theorem which N aegelsbach thus arrives at * is 
perhaps best enunciated in the form of a ‘rule,’ namely, The given 


* Naegelsbach burdens himself with a troublesome, sign-factor which, by two 
simple changes, we have rendered unnecessary. 


¢. 
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alternant being |a, a5 a%... a2|, where B, y, . . . , @ are wtegers 
in ascending order of magnitude, write down in descending order the 
integral indices which do not appear in the series 0, 8, y,... 5: 
subtract each of the said indices from w, taking the remainders for the 
suffices of C’s for the first column of a determinant, and making the 
C suffixes of every other element 1 less than that of the corresponding C 
in the immediately preceding column. This determinant of C’s ts 
equal to the quotient of |a,a,a% . . . a. | by the difference-product of 
the a’s. For example, the missing indices in | a°b’c°d® | being 4, 3, 1, 
and the defects of these from 6 being 2, 3, 5, we have 


| abo | Gown pls | Lab xa 1 
aie Cal Can Cy cae ee 
| wbicd® | 3 2 1 | 

Cri. GinCgin a abed abe }. 

A new departure of Naegelsbach’s is to use Trudi’s notation 
(a, b,c, . . .)/’ in cases where the integer r is negative, the meaning 
being determined by assuming Cauchy’s identity 

men A octt ak SRR ar irae aia 
(@, dg, «- = 5 oy) = Tahal ah! aan 
1 2 n-1 n 


to hold for negative integral values of 7. This manifestly entails 
that 


(a,, Og, 2 20 9 aly =0 for r =—l, —2, Wee's vy —n+1, 
and that when = —n, —n—1, . . . non-zero values again appear. 


In the case of none of these negative values of r has the aleph- 
function definition 


= > hy he 
(a,, Ag, e189 Gn) = ig Eien ap: 


Ry... thn=r 
any meaning. When, however, r=—n, —n—l,... Naegels- 
bach shows that the similar definition 
(-1)! 


inne a i oe ae 
ay As ores (Oyy n 


Ait...+thn=r-n 


(a; As, Cyt eee Ay)” os 


is in keepmg with the above assumption. For example, when 
n = 3 and r = 4, the said assumption gives 
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Liason Laan ta? 
(POPC) NING G 2A ber 62 
RCM cee 1 Cc 
i i 0 aL l1-a a? 
i Oe Wee ie oe D2 
abc? : 
a @ 1 1 ¢ ¢ 
1 
= pies (be + ca + ab) 


ee eee Mek 
~~ abe Cees), 
which clearly is the same as 


_ | )3-1 
Sa 


h+k+l=1 
His next most important theorem is reached in § 13 (p. 17), and 
concerns a determinant whose elements are aleph functions, namely, 


[x] [xo] oo [ka] 
[xi po) [ke—pe] --- [kn—pel 
[xy — Ps beam pal oe SAG pal 
a are (ee Fan coe [k n— Pal ? 
in which [x] stands for (a;, a2,..., a»). By means of a previously 


established result each element is expressed as a sum of n products. 
The determinant is thus resolved into two determinants, one of 
which is complicated but is changeable into the same simple form 
as the other, the final result being 


[kz] [xe] are lics| 

[a—1j ie oe Lae 

[Ky BrKET geste  * re oath vai} 
[—patnr—ll ... [-petn—1] [r—1] 
[-patm—2] -. [-petn—2] [n—2] 


a eal oe sie A [0] 
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The common form is that which we have seen obtained above by 
Trudi as an equivalent for the quotient of an alternant by the 
difference-product of the variables, and we thus conclude that the 
given determinant must be equal to 

Kn | | afar ed ag Pant h—2 tee? at) | 


n n 


Rotecrs oe |G) are pets | 


bao | Ke 
| a ag +++ @ 


MERTENS, F. (1872). 
[Auszug aus einem Schreiben.... Crelle’s Journ., lxxv. p. 264.] 


The matter here dealt with is Borchardt’s generating function 
of 1855 (Hist., ii. pp. 173-175). In its place Mertens suggests 


re ele oes re dae RRR 8 ete) 
F(t) -F (te) - - - Fé) 
where f(¢) = (¢—a,)(t—a_) . . . (t—@,), asserting that the coefficient 
of (t,t, . . . t,)~1 in this is the symmetric function V(qa,, a, . . . , Gn). 


As Borchardt’s function had undeservedly withdrawn attention 
from Jacobi’s result of 1841 (Hist., 1. pp. 336-339), namely, that the 


symmetric functicn 
(dy, Me, s+ +5 Qn) 
FE ee ary | 
n 


is the coefficient of (if, . . . t,)~' in 


= | tity... th’ | p(t, ty. +s te) 
Cap ase Fa) Fa)... Fed 


Mertens’ closely analogous result has a double importance. In a 
sense Mertens’ theorem is more general than Jacobi’s: for the 
integral symmetric function, V, in the former is any such function, 
whereas in the latter it is one which arises from the division of an 
alternating function by the corresponding difference-product. 
Taking advantage of this and of the fact that 


ee Ag+ + +> On) 2 = = (4, Ae, ee dt Gn) 


lata... at"| [ata ak 


t 
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we obtain by substituting the latter expression for V(a,, d,,... , @n) 
an alternative form of Jacobi’s function, namely, 


fa {2 


el, nt Dat P(Ay Mey ++; On) 
F(t) - f (te) oa I (tn) 
To understand the exact bearing of these forms on one another, it 
is Important to consider a special case, say the case where 


n=2, V = a?-+a,’. 
Mertens’ generating function then is 
i (4.—4) * (42+?) 

(4,4) (4 —4e) + (t2—4) (fg 4)’ 

which is equal to 
(64 +t1%t, — tt? + bt,°) 
1 Ny Ny x2 No Ny 
are taiat inet ing tangetaagt 
where the numerators are the aleph functions of a,, a,. In this 
the coefficient of (t,¢,)—! is 
Ne + R.—Ny’, 

16. 2(dy? + Gyg + Og?) — (4, + 4a)", 
as it should be. Jacobi’s theorem, on the other hand, we can only 
utilize when we so choose his asymmetric ¢ that 


(44, Ge) 
Ay — Ay 


=a,?+a,”. 


Doing this by putting (a, a) = @,°—4,°a, we obtain, in place of 
Mertens’ numerator, 
(—1) - (4—4) : (4°—4%4), 
ett et, 
and therefore, for the coefficient of (é,)-1, 
2N2— Ny", 
as before. In the third place, Borchardt’s generating function in 


its original form is 
1 1 1 1 


t1—@, t,—Q, t;—A_ tg—a,’ 
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which is found to be 
2 1 1 : a\f.2.; 2 \ y aes 
iat (uta (sap + a +(a2+a, (zs ae 73) t+ Faye t+ 
where a,2-++a,2 is the coefficient of (tf,)-*(¢,?2 + 2,7). Lastly, 
Borchardt’s derived form * is 
a2 
Oty Oty 
Z 
where Z = (t,—t)](4?—G@t, +e) (4p? —Cytg +c). This, when the tire 
some operations indicated are performed, becomes 
2tyte— C(t te) + 2Ce 
(t2— Gt, + Ca) (t2?— Cf + C2)’ 
which is exactly what is obtained by performing the simple addition 
specified in the original form. Also, since its denominator is 
identical with the denominator in Mertens’ form, we readily see that 
the cofactor of either term of (t,f,)-3(4?-++4,%) is 


2No —C Nj, 


? 


as it ought to be. 


GORDAN, P. (1873). 


[Ueber den gréssten gemeinsamen Factor. Math. Annalen, vii. 
pp. 433-448. ] 


Gordan here makes an effective application of Brill’s theorem of 
1871 regarding two arrays so related to one another that the principal 
minors of the one are proportional to those of the other. A simple 
example or two will make the general procedure clear. 


* The following writings concern this form— 

1856. Cayiry, A. A memoir on the symmetric functions... . Philos, 
Transac. R. Soc. (London), cxlvii. pp. 489-499; or Collected Math. Papers, ii. 
pp. 417-439 (see pp. 421-423). 

1864. Baurzer, R. Theorie und Anwendung... 2te Aufl. pp. 24-25. 

1875. Bruno, F. Fad pr. Sur la fonction génératrice de Borchardt. Crelle’s 
Journ., lxxxi. pp. 217-219 (cf. Baltzer, 1864). 

1876. Kostxa, C. Ueber Borchardt’s Function. Crelle’s Journ., 1xxxii, pp. 
212-229, 
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If a, 6, y be common roots of the two quartic equations 
a,x + a.23 + a,x? +a,~+a, = 0 
b,x* + bax? + bgz* + bx +b; = 0} 
it at once follows that we have two arrays 
etc ca") ae | Gata hs be Oe 
pps) 8 lb, 6 0; by bs 
Viet gs cers 
satisfying the conditions of the said theorem, and that therefore the 
ten alternants formable from the array on the left are proportional to 


| a,4b; |, —| a,b; |, oe © #9 | a,b, |. 
Similarly taking four roots all belonging to one quartic equation 
we should obtain the old result that the five alternants of the array 


a2 a? af 


aS eye eS 

ore @e& 
B 
@ 
Oo 
@ 
os 


O° 6% TOF 
are proportional to 
Q,, —_, G3, —Q4, 4s, 


1, Da, YaB, YaBy, aByo. 
In the next place, by taking the same quartic and using it thrice, the 
two arrays would be 


and therefore to 


uh? Ge RY ae Serre A 5 LEON OP Oe 

Gy jebegeinmtete femora + Gy Ug Ag Aq Asp - 
tas 2 

eee yy yy lag Oy Og Og Ae hg eons 


68 & 64 3 62 6 1, 


and we should have, for example, 


GQ, A, oe Oy 
6 Q5.,2 
Ja B Y 1| = — As a3 as ro . ay Ag 
| a®B?y1 | 
as % a, A, a3 
| 1 Bees 
ces b* 3} —Ya —LaBy 
= dee le Ares Sa8 aByé 
ts ‘ Zab —LaBy : 
saece 
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in accordance with Naegelsbach’s theorem. Of much less note is 
the last of the series of deductions, exemplified by 
| lo o—e% - . : - 
hes 1 —2z - | 
a ra cae a rl 
hs iv =z 
| L =2 \ 

Thenceforward (pp. 436-448) Gordan occupies himself with the 
main subject of his paper, showing first how Sylvester’s bigradient 
may be transformed into Euler’s product of differences (Hist., i. 
pp. 369-370, 374-375) and passing on to the analogous trigradient 
arising from three given equations in z. 


WEIHRAUCH, K. (1874). 

[Zur Determinantenlehre. Zeitschrift f. Math. u. Phys., xix. 

pp. 354-360. ] 

The second section (pp. 359-360) establishes the determinant 
form for the difference-product by a gradational proof, (m—1)" 
order to n" 

MALET, J. C. (1874). 
[On certain symmetric-functions of the roots of an algebraic equation. 
Transac. R. Irish Acad. (Dublin), xxv. pp. 337-342. ] 


Malet’s result is essentially the same as Naegelsbach’s of 1871, 
and.is obtained in the same way. He evades the difficulty of the 
sign-factor. 


GARBIERI, G, (1874). 


[I DETERMINANTI, con.... xiii+267 pp. Bologna.] 
Garbieri establishes the already known (1864) identity 


Wy a, a, bok fe 
W, yz a, age" 
Wye de Of Koga 
2 WwW W. Ww 
=(—1)""|aa)...a"|- fis +—7—-+...4+—* 
Jae 1 LaF (a)* aap em) anf (a,)$° 


where f(x) = (e—a,)(w@—a,). . . (v—a,). 
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A simple mode of verification consists in comparing the cofactor 
of any one of the w’s on the one side with its cofactor on the other. 

A similar expansion is obtained for the determinant got by sub- 
stituting the w’s in any other column of |a@,a,...a"'| than the 
first. 


BELTRAMI, E. (1874). 
[I DETERMINANTI, con .... , per G. Garbieri. pp. 169-171.] 


- Beltrami carries us a step further than the so-called theorem 
noted by Baltzer (1864). Instead of multiplying | aga). . . @p—4, n-1 | 
by |a,a,...a. | he (or Garbieri) multiplies 


2 n 

Ayo Ay s+ + Gon Sacieh a; a, 

1 2 n 

Ay Ay 2+ + Ain GO 4a, a, 

by : : 

1 2 n 

Cina “Ciera “Nee GO Ain An A, +++ a, 
Cn One) ea eee b teeth os Cirle ee oar rag 


where the c’s are defined by the identical equation 
(x—a,)(@—ay) . . . (C—an) = Oye" + 6,2"! + Cx"? + . 
and denoting 
Ay +O +p? +. - - + ong” by f(€), 
to + ae a nee poy ust; fee id Hale), 


An- 1,0 + &p_ eset wee apes ae a he, 


he obtains for his product 


TAGHY ACA) ee ea) A(z) 
fla) Aas) shale + SA 2(4n) Ao) 
| fale ue oe fe) fol) 
0 Ne wake 0 Cot" +60" +. 0 
As, however, the multiplier is ¢ 4 (a4, da, . - - Gn, X), and therefore 
= (2—a;) (2—-Gass) Susie (%7—ay)(%7—ay) x Gla, Ag, ++ +> On) 


= (2°+ca"1+ ...+6,)° C(ay, ag; aed). 
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division at once gives us 


ape (toy eee 
a a eo AGE 
| fila) : So ao) 2. 9 «Jnl@n) | = w < 
re (a, Mg, ++ +5 On) On-1,0 On—1,1 Seer COPS ps 
Cr Cn—1 «es & * 


a result which we may advantageously formulate for ourselves as 
follows: If the n-line alternant constructed from nu variables, ay, 
Gy, ..., a, and n univarial functions of the n" degree, f,, f.,..., fh, 
be divided by the difference-product of the said variables, the quotient 
1s expressible as a determinant of the (n+-1)” order, whose first n rows 
consist of the coefficients of the functions and whose last row consists 
of the coefficients of the powers of x in the expansion of 


(x—ay) (v—ag) ore (Sx-an), 
the order of writing the coefficients in every case being that corresponding 


to the ascending order of the powers. 
For example, the given functions being 


Uy +O4% + Agu? + agx°, by +b,x-+byx?+bgx8, cy + 6,0 +6527, 
and the given variables \, «, v, we have 


Apt AAFAA+ AA Ug +aywetaguet+agu  agtay+dg?+ag | 
Do + OA +b AvZ+ bsr\3 bg thy tbo? +bgu? by + dy +bav? + bg? 


Cot CA + Cyr? Cot Cy + Cop? Co + Cy + Cyr” 
(v—)(v—A) (u—A) 
Ug tay Ay ds 
bree Or b, abs 
4 Cisse Cg Cs 


—Apuvy Xm —DA 1 


KOSTKA, C. (1875). 


{Ueber die Bestimmung von symmetrischen Functionen der Wurzeln 
emer algebraischen Gleichung durch deren Coefficienten. 
Crelle’s Journ., 1xxxi. pp. 281-289.] 


Kostka, like Malet in the preceding year, discovers for himself 
Naegelsbach’s theorem of 1871, establishing it in a very simple 
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and attractive way, which we may illustrate by the example already 
Writing this in the form 


used, namely, | a°b?c?d6 |. 


a? 
40 
oo 


— | q® 


ai 


he performs the operations 
col, —C, col, +C, col; —C, ccl,, 
col, —C, col, +C, col,—C; col;, 
col, —C, col,+C, col, —C, col,, 


which give the result 


q2 
b2 
C2 
d2 


a Qu qQ? 
bo bl 2 
Cle 
set ea AE 
1 
that 1s, 
| a°b1c?d3 | . 
and thence, as before, 
| a%btcrd® | 
aebtetday| 


a 
b3 
c 


d3 


Os 
C, 


i! 


C; 


3 


at 
b4 
(oes 


d4 


a a 
ee 
© & 
d dé 


He also makes the first rediscovery of Schweins’ multiplication- 
theorem of 1825, and then takes the fresh step of using it to express 
any symmetric function as a sum of determinants. Thus, since 


Schweins’ theorem gives 


| a®bte2d3 | - (a2b2-+-.07c?-+a?d? +b? --b2d? + c2d?) 
= | alb%ctd! | — | ab%e8d® | + | abictd® |, 
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Same Bedd!| | a®be’d> | | a®btctd | 
_ | ab*c*d? & BS Da i IB 
DW" =v copicag? | — [a%bicta® | + [aoa |’ 


and therefore, by Naegelsbach’s theorem, 
C, G 


Ga} 
= C—| 1 
De ae sae Gang, \iedech ce. 


The accuracy of this is readily verified, for the right-hand member 
= 2C,—2C,C,+C,? 
= 2abed —2(Sa*bc+4abced) +(La*b? +-2Ea*bc+babed) 
= 2a*D*. 
The rest of the interesting paper deals with certain special cases 
and applications. 


SCHRODER, E. (1875). 


[Ueber v. Staudt’s Rechnung mit Wiirfen und verwandte Processe. 
§6. Math. Annalen, x. pp. 297-301.] 


Schréder’s result is implicitly included in Beltrami’s, from which 
it can be deduced by putting one of the given variables equal to 0. 
Thus, putting y = 0 in the example given under Beltrami, we obtain 

Ay+a,A +457 a,+AQu-+a3u? a? 
b, +b, +b, by + bau + b3u” b? | + (u—A) 


C+ cA C+ Cy é 
G YG As a3 
13 by by by bs 

GM YG Co 


Am —A—m 1], 
which is an example of Schréder’s. 


VALERIANO, V. (1876). 
[Alcune notevoli applicazioni della induzione matematica. § 6. 
Grornale di Mat., xv. pp. 41-45.] 
The subject is the factorizing of 
|G. 45e5., AGL e| Seand iy Lartek aeeotaas | 
Brioschi (1854) might have been referred to. 
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BRUNO, F. FAA DI (1875, 1876). 


[Sur la fonction génératrice de Borchardt. Crelle’s Journ., 1xxxi. 
pp. 217-219.] 


[Tutor1e DES Formes Binarres. xvi+320 pp. Turin.] 


For the function in question, dealt with above under Mertens, 
(1872), Bruno obtains a fresh expression, 


1 
F (4) eh ene F(tn) )- Ge, a IR is 
Fd) f)—tfG) .-- (n—ltr sf a tr aa (¢,) 
F(a). F (tq) tof (te). + ODER pe =f i 


To illustrate its superiority over Borchardt’s, he applies both to the 
case where the given equation is a quadratic, pointing out, as 
Cayley had done in 1856, that Borchardt’s form was ‘not a very 
convenient one for calculation.’ He also applies his own to the case 
of the cubic, the result being an interesting exercise in the use of 
alternants. 

In his book the section (pp. 38-50) devoted to the subject contains 
a verification by Cayley of Borchardt’s equality (Hzst., i. p. 174) 


Dear Tek: 


FERRERS, N. M. (1876): MALET, J. C. (1876) : 
HARRIS, H. W. (1877). 

[An EnementTary TREATISE ON TRILINEAR CooRDINATES. 3" 
edition (pp. 59-73, 172, 179). xiv+184 pp. London.] 
[Question 5144. Educ. Times, xxiv. p. 212; Math. from Educ. 
Times, xxviii. pp. 51-53. ] 

[Question 5473. Educ. Times, xxx. p. 197; lv. p. 437; Math. 
from Educ. Times, (2) iii. p. 82.] 

Both of the questions noted concern | a°b™c"d? |, the one dealing 


with the multiplication of it by a+b-+c-+d, and therefore answered 
by Schweins in 1825, and the other giving the three-line com- 
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pound determinant equal to | a°b™c"d? | - | a°b'c*d* |, and therefore 
answered by Bazin in 1854 (Hist., ii. p. 207). 
All that Ferrers gives is the easily reached result * 
4 | a%b'c2d?e8 | —6 | a®ble2dte® | = | a°bte*d¥et | - (a —b)?. 


SALMON, G. (1876). 


[.... Mopern Hieuer Atcesra. 3 edition. xx+318 pp. 
Dublin. ] 
A note by Cayley (pp. 290-292) deals with determinants of the 
form 
p(x) p(y) 
W(z) vy) 
to which, oddly enough, the name ‘rational functional determi- 
nants ’ is given, because ¢, yr, . . . . are taken to be rational integral 
functions. A method of Jacobi’s (Hist., i. p. 341) is illustrated by 
showing that 


ede nat (0,0) Seno, On e)S>t a (ab eyes 
b= bf by | = Ea, b,-e) | (a, 6, c)® (a, b, c)8-1 (a, bne)B=* 
Ciacces bY (a;(b;¢)? a(ayb.e)ne bli debs eral 


KOSTKA, C. (1876). 
[Ueber Borchardt’s Function. Crelle’s Journ., Ixxxii. pp. 212-229.] 


The main interest here is connected with the generating function 
of 1855+: but as the investigation of this involves the frequent 
use of determinants of the form 

Ch CK Ci 
Cr-s Cy-8, C2, 
Cr-8, Ck-& C-6, 


where ¢, is defined by the identity 
(t—h)(w—t) . . . (@—ty) = 2"—e,2"-!+00"-2— ... ,” 

* Cambridge Univ. Hxam. Papers, iv. (1875), p. 220. 
{In the list above (p. 150), bearing on this subject, should be inserted ;— 


1860. Meier, F. Sur une nouvelle fonction génératrice des fonctions symé- 
triques. Bull de? Acad. . . . de Belgique (2) x. pp. 608-631. 
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the development of such determinants in terms of the ¢’s comes in 
for considerable attention in the second section (pp. 216-224). 


FRANKEH, E. (1876). 
[Ueber den Ausdruck, welcher im Fall gleicher Wurzeln an die 
Stelle der Vandermonde’schen alternirenden Function tritt. 
Crelle’s Journ., Ixxxii. pp. 65-71.] 


_ If the roots of such an equation as 

P — px + po —pst?--pyz—ps = 0 
be all unequal, we have already seen how a set of five equations is 
obtained for the determination of the p’s in terms of the roots 
(Hist., uu. pp. 168-169, 175-176, 181-182). When the roots are 


nct all unequal, differentiation is necessary in order to obtain the 
required set: for example, if the roots be 


a, a, b, b, 6, 
the set is 
a — p,a' + pa —pa +pa—p, = 0 
5at — p,- 4a? + p.-3a%— pz°2a + py, = 0 


ll 
S 


I 
o 
—_ 


b? — p,b* Pe, ae Pst et Pav Ds 
5b! — p,-4b® + p.-3b? — p3-2b + py 
2063 — p,- 126? + p,-6b — pz: 2 = 0)", 
Now Franke’s problem is in effect the solution of such a set when 
the given equation has 
a roots each equal to a, 
8 roots each equal to 6, 
anda+@8+...equalton. He successfully plods his way through 


the maze, and formulates at some length the result. The case where 
all the roots are alike is used as a test, the common denominator 


of the p’s then degenerating into 
(n—1)) (7—2)1) 211) or, (n—1)Xn—2)? 2. 28S 184, 


as we know it ought to do. 
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DOSTOR, G. (1877). 

[ELiMENTS DE LA THEORIE DES DETERMINANTS, AVEC... . 
xxxi1+352 pp. Paris.] 

The following result is established by Dostor (pp. 87-88) at 


considerable length, 
| a (a+2)® (2a+2)° 


| BF (b+2)® (2b+2)® | = 32%: C4(a, b, c) - {2*Za+3azab-+ babe}. 


| (c+2)3 (Qe+a)3 | 


We may add that if, in the last column, the coefficient 2 were attached 
to the a’s and not to the a’s, the right-hand member of the identity 


would be 


—6z3 - (a, b, c) + {2a?2Sa+32ZEab+3abc}. 


CAYLEY, A. (1877). 


[On the general differential equation dx//X—dy//Y = 0, where 
X, Y are the same quartic functions of x, y respectively. 
Proceed. London Math. Soc., viii. pp. 184-199; or Collected 
Math. Papers, 1x. pp. 592-608. ] 


Here it is the observation on which the investigation rests that is 


of interest to us, namely, that 


| 22 2 
2 
yy 
+2 a2 
~ ~ 
w2 w 


1 
1 
1 
1 


is a particular integral of the equation 


On oy 


Ow 


Fx: bilevel SOL) Woe at 


and consequently is the general integral of 


when z and w are constants and enter only as one constant. 
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FROBENIUS, G., anp STICKELBERGER, L. (1877). 
[Zur Theorie der elliptischen Functionen. Crelle’s Journ., lxxxiii. 
pp. 175-179.] 


So far as the pure theory of alternants is concerned, the only fresh 
point in this paper is the consideration of a determinant of the form 


|: 1 ae 1 
j i NAW) ts Ace ) 
1 Me) Pos As eee a Saul 
The investigation is conducted on the understanding that 
dlog 
yy ea 


where o(_ ) is the function-symbol introduced by Weierstrass, and 
where therefore —y'(u) defines Weierstrass’ other function ¢(w). 
The result obtained is shown to include Hermite’s equivalent of 
1876 for the alternant 


TP @(Up) (Up) GMM) 
1 (th) @ (2b) WE NE mPa) 
PL p(y) p(t) © Mes) 
(Crelle’s Journ., Ixxxii. p. 143) and Kiepert’s of 1872 for the per- 
symmetric determinant P(’(u)-@”(u),..-, g?"-(a)). 


BORCHARDT, C. W. (1878). 


(Zur Theorie der Elimination und Kettenbruch-Entwickelung. 
Abhandl. ... Akad. d. Wiss. (Berlin), 1878, Nr. 1, pp. 1-17; 
or Gesammelte Werke. | 


This is based on a theorem of Rosenham’s of 1845, which, as not 
involving determinants, was not given by us when dealing with his 
paper (Hist., ii. pp. 160-161). It is to the effect that the resultant 


of the equations 
f(z) = 9, g(a) = 0 


of the m' and n" degrees respectively, is 
F(a) - ee . f(a n) g (Ants) + . 9 (Gntm). 


R(a,, Os OD) An 5 Gntis s+ +9 Ue rel 
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where R(...; ...) indicates the product of the differences got by 
subtracting each quantity on the left of the semicolon from each 
quantity on the right, and where the = betokens a sum of Cyimn 
terms of which the first is given and the others differ from the first 
merely in having another set of n of the a’s instead of the first set. 
For example, the resultant of 
axc+b =0 and cxr?+dzr+e = 0 
is 


(da+b)(uB +5) -(ey* +dy+e) (aat+b)\(ay +b) - (cB?+dB+e) 


(y—a)(y—8) (B—a)(B—y) 
4 (oB+b) ay +b) -(ca?+da+e) 
(a—§) (a—y) ; 


As a mere help towards acceptance it may be pointed out that 
the expression is manifestly of the 0‘ degree in each of the a’s, 
of the n‘” degree in the coefficients of f(x), and of the m* degree in 
the coefficients of g(z). 

There is herefrom suggested to Borchardt the finding of ex- 
pressions of like kind for the other ‘ simplified remainders ’ whose 
vanishing is the necessary and sufficient condition for the existence 
of a common factor of f(x), g(x); and, this being accomplished, he 
uses his paper of 1860 to show how older expressions for these 
‘remainders,’ such as Cayley’s and Sylvester’s, may be reproduced. 
He then passes on to the case ($2) where f(x), g(x) are of the same 
degree. Here he not only obtains his result in the same manner 
as before, but, denoting 


f(x “in LW) a0) by F(a, y), 


and recalling Bezout’s ‘ abridged method,’ he arrives at a second 
and quite unlike expression, Equatement being thus possible, there 
is evolved the very noteworthy identity in alternants 


| F(a, ? ty 41) = : F(a,, a) | ’ 

C3 (a1; «rv. aCe ae) 
ehh v(v— Shes ay) oe F(a,) x hse so id 9 (a2,) 
(Gis oe a . 


The remaining half of the paper is concerned with the related 
question in continued fractions. 
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GARBIERI, G. (1878). 


[Nuovo teorema algebrico e sua speciale applicazione.... Giornale 
di Mat., xvi. pp. 1-17.] 

Garbieri’s first theorem is an extension of Beltrami’s of 1874, the 
degree of the f’s being no longer kept from exceeding that of the 
alternant, namely, the n'". If the excess of the one over the other 
be h, so that 


frai(E) now stands for a+ amE+ . - . FOnngn€, 


then 
ee (a) PAC) Vietgat es Filan) | 
€?(a,, Ag, + + + y ay) 
— Ap oy oe s+ + Gon Con+1 see Ayntn 
) Ay Ay ye - 2+ Ain Oi n+ 22 Oth 
bi H An-1,0 On —1,1 On -1,2 CB On—1,n On—1n-+1 Seo * On-int+h 
Cy Cy-1 Cy 9 7 4010 Cy 
Cn Cy —4 2) ie, Ci Cy 
Ch Gearmew- ts. 3 Co 


The mode of proof is quite similar to that previously employed ; 
that is to say, the right-hand member is multiplied rowwise by 
Clara ee fan Yen die os) 10 bhestorm ['a,a) ees up eap 
and the result being found to be a determinant which is manifestly 
resolvable into 

| f(a) - fal ay) SARA CANE (Yo) p(y.) Se AWA (yo, Yar seo Ya), 
it is only necessary to make use of the further fact that the multi- 
plier itself is resolvable into 

EF(ay, dg, + + > Gn) PY) PCY) » - - H(Yr)* Ch (Yie ened): 
A suggested alternative mode of proof is not essentially different 
from Mansion’s of the following year. 

Of the previously obtained results which Garbieri notes as being 
included in his own, the most important is Naegelsbach’s of 1871. 
In illustration of the relationship between the two, let us put in the 
above 


fA®=2, fia)=2, f=, fix) =a 
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We then have from Garbieri 
; ] @B?yPe | 


&3(a, B, Y 6) ia : ; 


aByé —LaBy YaB —Za 1 ; 
aByé —XaBy XaB —Za Le 
aByé —LaBy YaB —La 1 
from which, manifestly, there comes on the right 


> 


—| —YaBy —Xa 1 
aByo YaB —La 
—LaBy 2a |; 


and this is Naegelsbach’s result. 
Garbieri’s next theorem concerns the double alternant formable 
from the bivarial function 


Daa y aon aaa 
and two sets of variables 
Dis Gos sone > Age eal hpler fide aes ete 
Calling the function F(z, y), Garbieri affirms that 
| F(a,8,) - F(a,8,) . - - Fla,8,) | 


é4 ; 
¢ (a,, Gor +++ > a,) &(B,, Bo; ae ee B,) 
moe eee Dee , 
= (—1) Ag Qo sss Aon Cont Aonth Cn 
' Ul 
Ayo Ay stil Uy y Qi nti see Aynin Cyoy sake 
/ , , 
Ano Any Poe UES Anant -2> Onntn Co Cy Cy w0% 
Dn+n,0 Anthl ++> Gn+hyn Anthn+i 2648 Anthnth . ee ie eae Ge 
Ca Cant o2- Co 
Ca si an, Cy Co 
Co Cy 
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where the c’s and c’s are defined by the identical equations 
(t—a,)(z—a,) . . . (e—a,) = Ce" +e,2""'4+ ... +6, 
(2—B,)(a—B,) .. . (@—B,) = da™tea"+ ... $04, 

The mode of proof preferred is similar to that chosen in the case 

of the first theorem, save that the right-hand member is now multi- 

plied by the two difference-products 


MeL Cer Gin ny Ya), CUB Boren0Bo; EOD eM 
in succession, and that prior to multiplication the determinant 
form of each of these is raised in the usual way from the (n-++-h+1)" 
order to the (n+2h+2). Another proof, however, is indicated, 
dependent on the use of the first theorem; and it is also pointed 
out that the second theorem includes the first. 
Finally, note is taken of Borchardt’s special case of 1859, where 

h = —1; and the fact that Cauchy’s result of 1841, though not 
included, may be deduced with ease by putting 

> _ ey(2)—yv(y) 

F(a, y) = eae aed 
and v(x) = (x—6,)(a—8,) . . . (ex—B,). 


CROCCHI, L. (1878). 


[Sopra le funzioni Aleph ed il determinante di Cauchy. (Giornale 
di Mat., xvu. pp. 218-231, 380.] 

After a study of Trudi’s paper of 1864 regarding the resolution 
of | 2* 25 xt ax‘ |, Crocchi is led to hazard the assertion that for 
a similar reason any Jacobian ought to be divisible by the difference- 
product of the variables, and that the search for the quotient may 
be furthered by means of the relation 

OED a nC ee 

Cx, Ct, On, OY, Y2 = = Yn 
Nothing is said regarding the f’s being symmetrical with respect 
to the z’s. As an inustration of his suggested process for finding 
the quotient he takes Trudi’s case, choosing for this end 

et) me al, 
Se = 841+ (8+1), Yo = %:~2, 
Ss = 841+ (y+), Ys = 83 +3, 
J, = 8341 +(6+1), Ys = 4>4, 


.| Yr, Ye Yn | 
CrCl enol, 
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where 8s, = a+a,-+a53-+24. This, it will be observed, ensures that 
Of fe fs Fe 


! 


avi 2 8 = | xiatalat 

Sat, Baty Baty Cat, | =e od 

and OY Ye Os OYs geal ara? | ; 
Oy Oy CX, ON, Pees 


and there remains the trouble—which is still ample—of solving four 
sets of four simultaneous equations of the type 


fn. Ys if Ofn Ye » Sn Ys ef ofr Ya _ fr 


OY, Oly Og Ole  OYs Orn MOU ten 2 OTe 
in order to obtain the corresponding values of the elements of 
fs Ye As Be | 
OY1 PY CYs CY 
At the end of the paper there is given another illustrative result 
worth noting, namely, The Jacobian of the first n Aleph functions 


of a set of n variables is equal to the difference-product of the variables. 
This may be appropriately grouped with Tarleton’s of 1867. 


WOLSTENHOLME, J. (1878). 
[MATHEMATICAL PROBLEMS.... 2"! edition. x-+480 pp. 
London. ] 
Here (p. 276) we have two additional examples of alternants 
whose elements are goniometric functions, namely, 
1 cos(8+y) sin’}(8—8) sin?) (y—6) 
1 cos(y+a)_ sin®?}(y—@) sin? 4 (a —8) 
1 cos(a+f)  sin®4}(a— 6) sin?4(8—6) 
2sin }(y—£) sin }(y—a) sin $(8—a) 
-{2sin 20+ 2sin(a+8+y—0)— sin (8+y)}, 


and 
1 cos(a+6@) sin?4(@—6) sin?}(y—8@) | 
1 cos(8+8) SErh ee JPSHO GC EIT 
1 cos(y+6)_ sin®4(a—6) sin®}(68—6) | 
= 2sin } (y—8) sin J (y—a) sin 3 (8—a) 
{2 sin 20+sin (a+ 8+ y—O)— sin (a+6)}. 
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CAYLEY, A. (1876): SCOTT, R. F. (1879). 
[Theorem in Trigonometry. Messenger of Math., v. p. 164.] 
(Note on a theorem of Professor Cayley’s. Messenger of Math., 
| viii. pp. 155-157.] 

By substituting the proper exponential expressions for sines and 
cosines, Scott proves that 
Sina cosa sin(A+a)sin(u+a) sin (y+a) 
sin8 cos@ sin (A+) sin (4+) sin (v+ 6) 
siny cosy sin(\+y)sin(u+y) sin (y+ y) 

= sin (y—#) sin (y—a) sin (G@—a) -sin (a+ 8+y+A+u+p), 
which becomes Cayley’s result when a+8+y+A+pt+y = 0. 
In his text-book of the following year he gives the similar example 
1 tana sin2a 
1 tan8 sin26 
1 tany sin2y 
= —2-sin (y—) sin (y—a) sin (@—a) - Sa eee 
We may note in passing that these may with advantage be assimi- 
lated to Wolstenholme’s example by changing the alternating factor 
on the right into 
2? sin }(y—8) sin }(y—a) sin }(8—a) 
-cos }(y—8) cos $(y—a) cos $(8—a). 
Scott adds four additional results, namely, 


| 1 cosa sina sin3a 
1 ecos8 sin8 sin36 
| 1 cosy siny sindy 
| 1 ecosd sind sin3d 
= 2° II sin $(a—() 
. {cos $(8a+8+y+6) + cos }(a+386+y+0) +... } : 
sina cosa sin2qa_ cos2a | 
sin8 cos8 sin28 cos28 
siny cosy sin2y cos2y 
sind cosd sin26 cos26 | 
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= 2°ITsin }(a—8)- {cos 4(a+B—y—6) + cos $(a+y—B—6) 
+ cos $(a+é—B—y)} ; 


| 1 sina, cosa, sin2a, cos2a, ... sinna, cosnay, 
1 sina, coSag sin2a, cos2a, ... SiNNa, COS Nag 
1 SIN dons COS NQ2n+41 


= (—1)"4" II sin }(a;—a,), where* 7 >7; 
and 
cosha sinha cosh 3a 
cosh 8 sinh cosh36 


coshy sinhy cosh3y 
= 4sinh (y—8) sinh (y—a) sinh (8—a) - cosh (a +8+y). 

The second of these four he generalized later in the same year 
(Messenger of Math., viii. p. 184), the angles a, 6, y, 6 then giving 
place to a,, ag, ..- 5 Gen, the multiples 1, 2 to 1, 2,..., m and 
the evaluation to 

Q2n2—2a+1 = II gin 4(a,—Gn)a>n 


- >) cos d(aytagt ... +a,—Gnyy— - ~~ + —Ggn)- 


SCOTT, R. F. (1879). 
[Notes on determinants. Messenger of Math., viii. pp. 182-187.] 


The results given by Scott at the outset (§ 3) are those assigned 
above to Bellavitis (1857) and Naegelsbach (1871). He then 
passes on to double alternants, opening with Zehfuss’ theorem of 
1859 and a companion-theorem of his own, namely, 


(a, —8,)" ..- (a, —8,)" re —B6, ..- a—B, 
(4g —8y)* --. (ag—By)"| _ (m)(d)y . .- (Mw ch oh | g—By --- ay —BE 
a AE a Ns en ee Le 2a th CCM os ae 
(a,—8,)” «-- (a,—f,)" an—P, +> Oya 


where (n), stands for n(m—1)...(m—r+1)/1-2...7, and the 
suffixes attached to ¢ imply that the a’s are the variables in the 


* We have annexed the sign-factor. 
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one case and the 8’s in the other. Unfortunately, no proof is given 
of this latter important result. The next two theorems are really 


cases of the two preceding, namely, the cases where the variables 
are 


Gy, Ag, - ~~, An, & 


By Bo, rates ae Ba z 
and the final pair are 


| (a, She eA —6,)" 1 | 
(—B)" .-- (an—B_)9 1 = PMD» - aa GE 
1 1 1 
Meee) a (aye 8,)" 1 v1 


a 5. GCE Se eee 2: (n+1)\(r+2), . xt (7+ Dn cle. p 
A)" * .. (a,—6,)": 1 IEaOR aS Vey TY 
1 ; 1 
+ + 
ay —B, . Oy —B, 1 
where P = . pe ks A _8, i 
] 1 


- MUIR, T. (1879). 
[General theorems on determinants. Transac. R. Soc. Edinburgh, 
xxix. pp. 47-54.] 

On p. 54 there is given a result more general than Malet’s of 1876 
but less general than Schweins’ of 1825, the real point of interest 
being that it is made dependent on a theorem for the multiplication 
of any n-line determinant by any n-termed expression. 


MUIR, T. (1879). 


[Preliminary note on alternants. Proceed. R. Soc. Edinburgh, 
x. pp. 102-103. ] 


The note describes itself as an abstract of a paper on the general 
subject of the quotient of an alternant by the difference-product 
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of the variables. As, however, previous to printing, the main part 
of the paper was found to be covered by Garbieri’s of the preceding 
year the manuscript was withheld (Proceed. R. Soc. Edinburgh, 
xiv. p. 433). 

[The word ‘alternant’ appears here for the first time as the 
designation of a special form of determinant. Having been told 
that I had been forestalled in the usage by Sylvester, I called it 
from the outset “‘Sylvester’s word.” My informant, however, was 
probably in error, as some years afterwards I found Sylvester 
employing it to aenote a peculiar form of operator in the theory 
of reciprocants. (American Journ. of Math., ix. pp. 130-132,* 
published in January 1887.) ] 


HAHN, J. (1879). 


[Untersuchung der Kegelschnittnetze deren Jacobi’sche oder 
Hermite’sche Form identisch verschwindet. Math. Annalen, 
xv. pp. 111-121.] 


One of the identities here used (p. 117), which may be written 
| aay |” | ayy |? | ay% |” 
2 | aby] | bye] | eas] | tye] | yrze] | eee] = | | bree |? | Oyye |? | byz0 |? 
| %2|° | eye |? | cree |? 
it is best to view as a simple case of Zehfuss’ theorem of 1859 
regarding a double alternant (Hist, ii. p. 190), the product 


| abe | * | dycg | + | ey | 


being equal to 

A, yg a 
2 2 

b,  Dyby BF, 
42 , 2 

c CyCgG, |, 


| 0 
ie, abc? | (2) re) ; 
“T2282 | Nag! \bg/ cy 


as we have seen above (p. 132). 


* Collected Math. Papers, iv. pp. 415-417. 
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MANSION, P. (1879). 
[On rational functional determinants. Messenger of Math., ix. 
pp. 30-32.] 
Mansion re-investigates in an interesting way the theorems of 


Naegelsbach and Garbieri, using alternants of only three lines. He 
first considers the evanescent determinant 

Ce ak ANY) 

B= Be E(B) | 

ye EO) 
where 


F(a) = a? —c,2*+c.x—c, = (ex—a) (c—8)(x—y), 
and therefrom virtually obtains the identity 


| al Ory? *s | ae, ci | OO yee at Cs | Caan | pas Ge la” B"-y? | = 0, 


By putting in this m = 0, 7 = 1, and in succession p = 0, 1, 2, 8, 
four equations arise, from which 
[alBry*| — |adBiy*| — [a8] | BY | 
pay | latsty? |” [aB47|" — [a®B*y?| 
are obtained in terms of the c’s. Similarly, by putting m = 0, 
n = 2, and in succession p = 0), 1, 2, 3, other four equations arise 
which give similar expressions for the quotients of 


[a%B*y* |, | a®BPy*], Ja By? |, | a®B7y°] 
by | a°6ty”|. On this investigation Naegelsbach’s general theorem 


is made to rest. 
Next, taking the determinant 


p(a) wa) x(a) 
(8) (8) x(8) 
bly) wily) xy) | 


where 
f(z) = AptAast+Ag+ ... +A,2°, 
yw (a) = By+B+Ba?+ ... +B, 
x (2) = CF Oe+Cwe+ 2... +C2%, 
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he compares the cofactor of | A,,B,C,| in it with the cofactor of 
the same in 


A, A, A, A; A, A; Ag 
Bye Bape Det bea een 
Cet worl tt pond gr Oi Leen iter 
a Sy marta ees | ; PM APA StS 
—C, Cg —Cy 1 
—Cs Cy Cy 1 
—Cg Cc. —( 1 


and, ascertaining by Naegelsbach’s theorem that they are identical, 
he views Garbieri’s theorem as established. 

It is important to note in passing that the latent identity to 
which we have drawn attention and which may be readily formulated 
for any number of variables can also be proved by means of the 
extension of Schweins’ multiplication-theorem. 


BERG, F. J. VAN DEN (1879). 


(Ontwikkeling van eenige algebraische en van daarmede gelijk- 
vormige goniometrische identiteiten. Verslagen.... Akad. 
van Wetensch. (Amsterdam), (2) xiv. pp. 340-359.] 


Van den Berg starts with an identity which in effect is an assertion 
that the difference-product alternant 


ts not altered in substance by changing the last column into 


(a, —b,)(a,—b,) . . . (a, —by_4) 

(a, —b,)(a,—by) .. . (a,—b,_1) 
where, be it noted, the number of binomial factors in each element 
of the substituted column is 1 less than the number of columns in 
the determinant. His next step is to consider the result of a sub- 
stitution which differs from this in having n binomial factors in each 
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element of the substituted column, the outcome being that the new 
determinant divided by the old is equal to 

La— Xb. 
For example, 
@, (a,—b,)(a,—b,)(a,—b,) 
A, (42—5,)(a_— bp) (dg—b) | = 
@3 (43—b,)(43—b,)(a3—bs) 


| 1 a @,%—a,22b+a,>b,b,—b,b,b; | 


}l aq 4° 1a 4a? 
| 1 ag a,° I a, a, 
Hh Gs GRD 
={|1 da, a* | (2a—2b). 
1 ads a;* 
By similarly substituting in the last column of 
lara,asa,|, |aaja,a,|, |a,a,a,a,|, 


we obtain in the same way determinants which when divided by 
a’a,d.a. | give respectively the quotients 


Zoe 
Dae a > bids; 
014243 = djbibobs, 
AAA 3h 4— bbb gb, 


the series of resulting identities degenerating into a well-known 
series of early date on making the b’s vanish. The already partially 
known non-determinant forms of these identities are next given, 
being derived by expanding the determinants in terms of the 
elements of what we have called the substituted column and their 
complementary minors. For example, 


(a, —b,)(4,— 8.) 4. (4251) (4 — bs) (ag—b,)(@s—bs) aa 
(a, —G)(@,—s) (d_—G3)(Ag—A,) — (@3—@) (43 — 4p) 
(a4 —by) (a —be) (4, — bs) A. (dq —by) (4g—by) (42—8s) 
~ (G—4) (a, 43) (a,—@3)(,—a) 


(@—by) (43—bs) (4s—Fs) _ yg yp, 
(43—4,)(@3—@y) 


5) 


+ 
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Van den Berg’s second section (pp. 345-356) concerns identities 
similar in form to the foregoing but having angle-functions in place 
of the a’s and b’s. He first, however, proves the general proposition 
that 2f f(z) stand for (z—a,)(zZ—az) . . . (z—a,), then 


$(2) 
£(z)’ 
illustrating it by the case, already dealt with, in which n = 3 and 
$(z) = (z—b,)(z—b,)(z—b), and where therefore 

p(z) 8 —2# Xb + 22d,b, — b,,b, 


f@Q 8-2 da+2Da,a,— 4,4,’ 


= coefficient of = =m 


and the coefficient of © is equal to 
Da —>b. 
Then, in the expression 


ee by) (a, —b,) (a, —6s) 


@ —Aq) (A —As) 


> 


given above as an equivalent for Ya—Xb, tana,, tan 8, are sub- 
stituted for a,, b, respectively, and the said general proposition with 
other assistance is used to show that 


= (a,— 8,) sin (a,— 8,) sin (a;— 83) = sin(Sa— D8). 


sin (ay— Qg) sin (ay— a3) 


The three determinants dealt with that have angle-functions for 
elements are (1) 


sin"“1q, sin™*a,cosa, .... sina,cos"-%a, cos"-!q, 


e a} . a Ly =— —. 
sin"—1a, sin"®a,cosa, .... sina,cos"%g, cos"-la, 


(2) the determinant formed from this by substituting 


sin (a,—,) sin (a,;—(,) .... sin(a,—B,,), 


sin (a,—,) sin (a,—f,) .... sin (ag— 8,,), 


for the first column and lowering the powers of the cosines in the 
other columns by 1; and (3) the determinant formed in the same 
way save that the powers of the cosines are increased by 1. The 
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first determinant is stated to be equal to the product of the sines 
of the differences of the angles, that is, to 

sin (a,— dg) Sin (aj—a3). . . . SIN (4n_y—Gz) 
the second and third to have the first for a factor with 
sin (Ya— 2) 
for the cofactor in the one case, and 
COS ay COS Uy. . . COS a, * COS 8, cos B,. . . cos B,+ (2 tan a—ZX tan P) 


in the other. 
The last section (pp. 356-359) is of less importance than the others, 
the only statement worth noting being that 


2r+1 


sin”**g, sina, CcOoSa, sin”a@, sin’a, cos’a, | 


sin’ t'g, sina, cosa, | and | sin”a, sin’a, Cos’a, | 
sin” a, sina; COS a3 sin” a, sin’a; COS?a, | 
are divisible by 
sin (4, — ag) Sin (4, — ag) Sin (ay—as); 
the latter, indeed, divisible by 
sint‘g, sin*a, cosa, | 
sinta, sin*a, COS*a, 
sinta; sin*a, cosas |, 
and therefore by 
(sin2u, —sin?a,) (sin?a, — sina) (sin?a,—sin?a3), 
which equals 


sin (a,— dp) Sin (4; — a3) sin (42—ag) * 8in (a,+4as) sin (a,+« 3) sin (a.-+a3). 


CHAPTER VI. 
COMPOUND DETERMINANTS, FROM 1862 TO 1880. 


StTILu greater progress than in the case of alternants has here to be 
chronicled. Not only is the number of writings more than treble 
the number for the preceding twenty-year period, but there is also 
a large proportion of them of considerable importance. 

Compound determinants of the special type associated with 
Wronskians (Hist., ii. pp. 227-228) will be found referred to in 
chap. vii. 

ZEHFUSS, G. (1862). 


[Zwei Satze iiber Determinanten. Zeitschrift f. Math. u. Phys., 
vil. pp. 436-439. ] 


Zehfuss’ first theorem is one of the extreme cases of Bazin’s of 
the year 1851, namely, 


| Bi Bo Vs tare An | Wee a er uke laws. 2 el 
| b,Boy3 EuNcio An | | aboy3 PAM Nal 4.5 eo | a,B. se. by | 
[Beys---Anl laleys.--An] ..-- [ag meat ted 


=| aby en be |= [eee eae 
His proof is a lengthened way of saying that if we multiply the 


compound determinant by |aGyys...,| in row-by-column 
fashion we obtain a determinant having for its elements the elements 


of |a,b,. . .1,|, each multiplied by | a,S,y3...,,|, and being 
therefore equal to 
Oar . phe =| Ga Cet . ee SE 


The theorem is used to prove Jacobi’s theorem regarding a minor 
of the adjugate. 
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FRANKE, E. (1862): BORCHARDT, C. W. (1863). 


[Ueber Determinanten aus Determinanten. Crelle’s Journal, 1xi. 
pp. 350-355. ] 


The subject is the m'* compound and any minor of it, and there 
is obtamed not only Sylvester’s theorem regarding the former, 


[}@inl tn = | Grn PP, 


but a theorem including Spottiswoode’s results in reference to the 
‘latter and corresponding to Jacobi’s theorem regarding any minor 
of the adjugate. Franke’s mode of proof is the gradational,—making 
any case dependent on the preceding case—and, though greatly 
superior to Spottiswoode’s, is not very attractive. Besides it is 
overshadowed by two footnotes of the editor’s. 

In the one footnote Borchardt deals with a k-line minor of the m" 
compound in the manner initiated by Cayley in 1843 in the case of 
the (n—1)" compound. Retaining the first 4 rows of the compound 
and substituting zeros for all the non-diagonal elements of the 
remaining rows and units for the diagonal elements, he then multi- 
plies this new determinant by the (n—m)'" compound, and from the 
result, with the help of the above-mentioned theorem of Sylvester’s, 
obtains the theorem which we may formulate for ourselves thus : The 
first k-line coaxial minor of them" compound of |a,,| 0s the product of 
the complementary of the corresponding minor of the (n—m)" compound 
by | @xn) | >” 

In the other footnote Borchardt goes back to Cauchy’s result of 
1812 (Hist., i: p. 118) regarding the product of two complementary 
compounds, 

| | @1,.| Ie | |arn| [.-. = | Qin "'s, 
and by a mere consideration of dimensions assigns to each its proper 
power of the original determinant. — 


JANNI, G. (1863). 


[Nota sopra i determinanti minori di un dato determinante. 
Giornale di Mat., i. pp. 270-275. | 


The subject is the same as Franke’s of the preceding year. First 
there is given a lengthy but fresh proof of Sylvester’s theorem that 
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the m'* compound cf | a,,| is equal to | a,,|“-'"?. The proof, 
though not worth reproducing, is interesting as suggesting considera- 
tion of the relation between the m™ compound of | a,,| and the 
m'” compound of the equivalent determinant 


Gy) Gas Oh 
Oy Fag”: Aon 
Ga abbas Oneias 
Le is 
1 
1 
For example, the second compound of 
& GM a3 
b, by bs 
oy anys 


1 
is the product of the second compound of | a,b,c; | by | a,b,c |. 


Janni’s mode of dealing with a k-line minor of the m‘” compound 
is practically the same as Borchardt’s. 


SYLVESTER, J. J. (1863). 


[On a question of compound arrangement. Proceed. R. Soc. London, 
xi. pp. 561-563 ; or Collected Math. Papers, ii. pp. 325-326.] 

[On a theorem relating to polar umbre. Proceed. R. Soc. London, 
xil. pp. 563-565 ; or Collected Math. Papers, ii. pp. 327-328.] 

[Sequel to the theorems relating to ‘canonic roots,’.... Philos. 
Magazine, (4) xxv. pp. 453-460; or Collected Math. Papers, 
i. pp. 331-337. ] 


All these papers refer hurriedly and somewhat obscurely to 
‘double determinants,’ the last of the three indicating the line of 
investigation in which the idea had originated, and the two others 
being bye-products of the result. 

An ‘observation’ appended to the first says, ‘A double deter- 
minant means the resultant of a system of m-+-n—1 homogeneous 
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equations each containing mn terms and linear in respect to each 
of two systems of m and n variables taken separately, but of the 
second order in respect to the variables of these two systems taken 
collectively.” It is also stated to be representable by an ordinary 
determinant of the (m-+-n—1)" order* whose elements are them- 
selves “sums of simple determinants of the (m-+-n—1)™ order.” 
Cayley’s resultant of the year 1854 is referred to as the particular 

case where m, n = 2, 2. 

_ The theorem of the next paper is spoken of as the auxiliary by 
means of which he obtains “ the resultant of a lineo-lmear system 
of equations in its most perfect form. It is easy,” he adds, “to 
obtain two different solutions, each of them unsymmetrical in 
respect of the data of the question,” but this theorem effects “a 
conversion and fusion of each of these into one and the same deter- 
minant, symmetrical in all its relations to the data.” 

An important part of the third paper concerns the elimination 
of u, v, w and x, y from the equations 

(bu+-b'v-+b’w)y — (auta'v+a"w)x = 9 

(cu+c’v-te"w)y — (bu+bu+b"v)z = Al 
(dut+d'v+d’w)y —(cut+cv+e"w)x = 0 | 
(eute'vte’w)y — (dutd’v+d'w)r = 0/> 

the eliminant found being a compound determinant of the third 

order, which we may write in the form 
j1456| |1246|—|1345| |1234| 
[2456| |1256|—|2345] |1235| 
[3456| |1356|—|2346| |1236| |, 

if we use |rstu| to stand for the determinant whose columns are the 
rth, sth, ¢*®, ut” columns of the 4-by-6 array of given coeflicients. 

We may add for ourselves in passing that this would still be the 
eliminant if the 24 coefficients were all different. Further, it may 
be noted that though Sylvester in this last paper viewed the dis- 
covery of double determinants as “‘ the dawn of a new epoch in the 
history of modern algebra,” he never afterwards returned to the 


subject. 


* This cannot be correct, because the ‘resultant is of the degree 
(m+n—1)!/(m—-1)'(n-1)! 
in respect of the given coefficients.” 
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CAYLEY, A. (1865). 


[Solution of a problem of elimination. Quart. Journ. of Math., viii. 
pp. 183-185 ; or Collected Math. Papers, vi. pp. 40—42.] 


The given set of equations 


| ey ay oye | 
ieee as Seretee bs 
| a, by Co dy & 

| @g bg Cg dy és 


is replaced by 
A = AA Agtlg + Aga, | 
wy = A,b, + Ag, + Aghs, i 
wy” = rj, C, + ApCe + Az “i 


r 


and this, after division and substitution of & for z/y, by 
Ay (a, —kb,) + A,(a,.—kb,) + Ax(ag—Hdy) = O 
A, (b, —ke,) + Ay (by— key) + Az(bzs—ke,) = 0 
A, (¢, kd) + Ay (co—kdy) + Ag (¢gs—kdy) = 0 | 
A, (d,— ke,) + Ap(d,— key) + A3(dg—ke,) = 0), 
in which the eliminands are &, \y, \2, A3- Using on the equations of 
the last set the multipliers 
| bycadg I, ~4| AyCyd5 I | abd, | ? ort | a,b2C5 i 
obtainable from columns 1, 2, 3 of the array 
a d, ds b, & bg 
by by bs G & C3 
CG C Cs d, d, dy 
d, dy dy & & eg 
appearing in the set, we obtain, after addition and division by 4, 
4123-A, + 5123-A, + 6123-A, = 0, 
where 4123 stands for the determinant whose columns are columns 


4, 1, 2, 3 of the said array. Similarly, by taking our multipliers 
from columns 4, 5, 6, there results 


1456-\, +2456-A,+3456-A, = 0. 
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Again, by’going through three similar operations, the sets of columns 
used being 156, 426, 453, we obtain on addition 


(—K-4156-,-+ 2156:\,+ 3156-A,) 
+( 1426-0, —4-5246-A,+ 3426-A,) 
+(  1453-A, + 2453-,—%-6453-A,) = 0, 


which, with the help of our second result, can be cleared of & and 
becomes 


(1426-+1453)A, + (2156-+2453)A, + (3156-+3426)A, = 0. 


The desired resultant equation thus is, as in Sylvester’s paper of 


1863, 
4123 1426+1453 1456 | 


5123 24534-2156 2456 
—©6123)--3156+3426 3456 


For the next higher case of the problem the corresponding equation 
is also given. 


REISS, M. (1867). 
[Beitrage zur Theorie der Determinanten. viii+113 pp. Leipzig.] 


The second section (pp. 25-54) of this important memoir is devoted 
to compound determinants whose elements are equigrade minors 
having for each row one invariable set of row-numbers, and for each 
column one invariable set of column-numbers. To this special 
class belong almost all the compound determinants hitherto met 
with. From the definition it is evident that every member of the 
class can without risk of mistake be specified by giving its diagonal 
term : for example, we can safely put 


13{ [13] |13 

24| |46| |62 

| for | |35| |35] (38 
in 24} |46| | 62 
Bl| |51} [51 

24| |46| | 62 


934| | 134] _ | 124 | 23) 234 
| 93411134) |124/ °|123| | for the adjugate of | 1934 |. 
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The first eight pages constitute a general introduction to com- 
pound determinants, including much on the subject of notation 
and nomenclature, the notation being as a rule imperfectly suggestive 
and somewhat ungainly. The next four pages deal with three 
already known theorems, namely, first, the theorems regarding the 
k” compound,—a theorem primarily formulated by Spottiswoode * 
in 1853, but obtainable also from Sylvester’s theorem of March 1851 
by putting n = 0 (Hist., ii. pp. 204, 196); second, the * extensional ’ 
of this, that is to say, the said theorem of March 1851; and, third, 
Franke’s theorem of 1862 regarding a minor of the & compound. 
The last appears in the unattractive form 


“( L gat “ & EC" : ( has oe oie i 
Ay eo Non Nini Ses Ano ’ 


which may be partially explained by saying that C is the generating 
or basic determinant 

Oy Uy ee on Og 

é a te tas a 


that the left-hand member is an m-line minor of the k'" compound 
of C, that this minor’s cofactor in the compound is 


5) 


E : ff ae o Gee ‘x0 
Amit + + + Ayo’, 
that the compound itself is 
I; 2, > iN" 
CEeEEED) 


that E is an undetermined sign-factor, that N° stands for 
n(n—1) ... (n—k+1)/k!, 
—l 
that CS ") stands for (n—1)(n—2) ... (n—k)/k!, and that 


v/( ) stands for the cofactor of °( ) in C.. By way of illustra- 
tion there is taken the case where n = 5, k = 2, m = 7, and the 
particular 7-line minor is 
| (33 te 24| |25 | 34 i35| (45 
12| |13| [14] |15 [24 ES 


* Incorrectly, v’ standing for (x —1);, not for (n —1);_}. 
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The complementary minor of this in its own compound being 


12] |13] | 28 
34| 135] |45 


and in the complementary compound being 


345 Baul Naat 
125} |124; |123) |, 


the result obtained from the theorem is 


12345| || (345) |245| |145 
12345 125) ,124| |123] |. 


The second factor here, however, being equal to 


345 | | 245| | 145 
512| |412| | 312 


is observed to be an ‘ extensional ’ of 


321 
543 |, 


2 


? 


and therefore to be equal to 


}32145| | 45 
|54312| "| 12! 


Reiss thereupon goes a little beyond Franke and gives 
14| |15 a he 34 os 45| | | 12345 
12) |13] |14| |15| {23 


2 


2 


2 [45 


24| |25|) | © |12845]- 112 


An investigation then follows (pp. 37-50) for the purpose of enabling 
us in every case where it is possible to take this additional step and 
others like it; in other words, for the purpose of resolving any 
minor of any compound of C into factors which are C and minors 
of C. It is duly recognised that on the application of Franke’s 
theorem we may not always be led to a minor like 

1345| | 245] | 145 
| 125 Fai 123 
which is fully resolvable,—that, for example, the said application 
might bring us down to such a compound determinant as 


12| 134 
12| |34] |, 


. 


? 


1234 
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which is irresolvable, or to such a compound determinant as 
12| |13 | + 
12 23 


which is equal to 0. Thus, the 9-line coaxial minor 


, 


| 1234 bee ne faa | 1356 ey Be 3366 | sine 
1 


12 
12 


1235| |1245| |1345| | 1356 456| | 2345 356 456 


of the 4" compound of | sical is by Franke’s theorem equal to 
123456 |9-@% | 45| | 35 | 34 | 25| |15| |12 
123456 45 25| {1 ye 


and by the same theorem 


a a 34 Ee pepo se bie] 245) 235) ae 135 | 
Fr |25| |34| 35] }45| | ~ | 12345 245| 235) | 145) | 135 


so that the given minor is equal to 


123456 | 135! ea 235| | 245 
145 


4 


123456 135 4 1235} | 245 


When, however, on perceiving that the compound determinant here 
is an extensional, we try to proceed further by using Franke’s 


theorem on 
Bae (14) |23| (24 
13} {14| |23| | 24] f, 


we are brought up against the irresolvable factor 


12 34 
12 34| |, 
and thus have to be content with the result 
123456|* | 12345] | |125| (345) | _|5 
123456 * | 19345) "| | 195 346 5 


which still contains a compound determinant. Notwithstanding 
this narrowing of the field, however, pains are taken to classify cases 
for treatment, to formulate a general result when full resolvability 
is known to be possible, and to give a rule for anticipating the final 
factors by counting the number of occurrences of suffixes in the 
specification of the given determinant. Thus, the result obtained 
by repeated applications of Franke’s theorem as follows : 
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[124] | 125) pe te 135 ies 145) | 234) 235] /236) |245 
1125} (126, |134! |135} |136| |145| |156| |235| |236| |256] |345 
¥ ra A au )185| |134) )125) | 124) (193 
123456 1356} |235, |156| |136) |135; |125| | 193. 
_ _| 128456] | 123453 1 )23] [13] | 12 
= —| 123456] ° | 12356 35| |15| |13 
_ _ | 123456]? |12345|* | 123/2 
= —|193456| * | 12356] © |135) , 


is held to be also involved in the simple fact that the row-suffixes 
of the generating determinant occur in the given compound deter- 
minant 

oh lekenan mip 


6, 3 


times respectively, and the column-suffixes 


EE ache Rohw teh i 
times respectively. 

The Third Section (pp. 55-99) is concerned with compound 
determinants of a different type and with the relations of these to 


those of the Second Section. An example of the new type is 


|12345| |12345| |12345| | 12345; | 12345) | 12345) 
12567| |12568; | 12569} |12578' {12579} | 12589! 
/12345| | 12345, |12845| | 12345) (12345! | 12345 
13567} | 13568 | 13569| | 13578 13579 | 13589 
12345| |12345| | 12345 12345 | 12345, | 12345 
14567} |14568; [14569 (14578 |14579; | 14589 
12345| |12345| |12345| | 12345) |12345| | 12345 
23567| |23568)] |23569| | 23578] |23579| | 23589) 
|12345: |12345! |12345) | 12345) | 12345) | 12345 
24567; |24568;: |24569| |24578| |24579| | 24589 
12345| | 12345) (12345) [12345 | 12345 rey 
34567| |34568| |34569| [34578 |34579| | 34589) |, 


the essential characteristics being that the set of row-suffixes never 
alters throughout the whole of the elements, and the set of column- 
suffixes attached to any element contains a fixed number of suffixes 
which remain invariable throughout the row and a fixed number 
which remain invariable throughout the column to which the 
element belongs. Such a determinant cannot any longer be safely 
denoted by its diagonal term ; but if we insert some mark to separate 


345 
356 
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each set of column-suffixes into its two parts, we obtain a quite 
simple and satisfactory notation: for example, the above deter- 
minant may be appropriately denoted by 


12 345 ee ere |12345) | 12345) feireal | 
| 12,567 | 13,568) | 14,569 23,578 | 24,579; |34,589) |, 
if the requisite convention be adopted with reference to the use of 
the comma. Both kinds of compound determinants appear in the 
simple identity 


b, G [byes| | egats| | abs | |a,b,e,| | bee, | | Daly | 
by ep [beer] [eet] | tobr | | = fl ebues | | abeer | | abso | 
bs Cg | | Bey] | egy | | ce gy | j Uys, | | gdey |_| AghsCy | 


and this in the notations referred to is 


Ayboes|*| Dyes) | Cgtz| | gby | | = [14 ,54¢5! | tesDeCz| | gsDsCy I. 


29%6 

On occasion the invariable set of row-suffixes may be temporarily 
dispensed with: this is in effect what is done when the principal 
minors of an oblong array are denoted by the numbers of their 
columns only. Jt is the latter contracted notation which was used 
in 1851 by Bazin in his statement of the first theorem regarding such 
determinants (Hist., i. pp. 206-208). 

Reiss’ notation is of course very different from the foregoing, both 
in principle and in appearance, and considerable space is again 
devoted to it. Six pages have to be gone through before his first 
theorem is reached. This theorem, however, is fundamental, and 
deserves every attention. It may be viewed as giving the resolution 
of a special compound determinant of the second kind into two 
factors which are compound determinants of the first kind. We 
shall take it in a slightly different light, and for the sake of clearness 
give a formal enunciation of it in words, detailing fully the con- 
struction of the determinants involved :—If the combinations of n 
letters k at a time be taken, and each combination with any k suffixes 
be used to denote a determinant, and the whole of such determinants 
be made the diagonal of a compound determinant and be understood 
to suggest as usual the other elements of the latter, then, D being this 
determinant and D’ a determinant similar in construction save that the 
combinations are taken n—k at a time and are furnished from a 
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different collection of suffixes, the product DD’ is expressible as a com- 
pound determinant in which the (i, j)" element is a determinant denoted 
by all the n letters accompanied by the i of the first sets of suffixes and 
the (n—j)” of the second sets. The proof is a mere application of the 
multiplication-theorem, with the assistance of Laplace’s expansion- 
theorem. Thus, if n=5, k=2 and the letters be a, b, ¢, d, e, we 


first form the ten combinations ab, ac, ... , de, then the deter- 
minants | @,b,|, | @3¢,|,... by taking any suffixes whatever, and 
finally from these the compound determinant 
[] 422] [sca] |asde|--- I, 
so that we have 
D=| |abo| [aco] | ads] .-- | dee | 
|@sbg| | Cg] | sda] . ~~ | dsea| 


|@5bg| | sce] |@sde| -- - | dee | 


10s 
Similarly, we form the combinations abc, abd, ... , cde, writing them 
for present convenience in the reverse order, then the determinants 


e a % > ie a 6’ .., and finally have 


{ 


p =| cde bde bce 
a Pill lage AB Odi th 8 9: 
S| |code bde bee 

— Y’ oy ay i” 2 3 1’ ae 3’ 
cde ib de bee | 

4” 5° 6" 4’ 5’ 6" 4! 5’ 6’ 

cde bde bce 

78 9’ 78 9 7 8'9’ 


The result of the multiplication of these, after altering the signs of 
the 2"*, 4% 6%, 9* columns in one of them, is 


} abcde abcde} 
DD’ =| l10193)| |1245'6| - °° 
abcde abcde 
BA NeD 3a 3445’ 6’ 
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To state the general theorem in symbols is not at all an easy matter : 
Reiss puts it (p. 61) in the form 


Te | Oe Geet LEO 

vp: (a% Nee gers a) 
of Kae | hecko A (ke+x A 1... K° Aes lie Ke 
si(; go) (=) A n sf eroe, G\oy ape | 


where the left-hand member is the compound determinant 


| k l Ve ag 
ie Ce os cA fA) 


VK a’ ry VK Ae 
Mle thw ols nk ( a l, 
"OK (af, < ° vx fie! a 
: nk, a 7 
whose typical element c (a ) stands for 
VK a p 
( olla ee Aaten ne a 
Ar, Ar, Up, ap 
If instead of the ten entirely different pairs of suffixes 
12,494,; OG2.42 


there were taken the ten pairs 


bof 10, ba cnet 


? 


which are combinations of 1, 2, 3, 4, 5, the compound determi- 
nant reached, D, would be the second compound of | a,b,c,d,e5 |, 
and could therefore be replaced by | a,b.csd,e; |*. Similarly, if the 
sets of suffixes 1'2’3’, 4'5'6’, . . . . were the triads obtainable from 
1’, 2’, 3’, 4’, 5’, we should have 


and if both these restrictions in the selection of suffixes were made, 
the resulting special case of the theorem would be, on leaving out 
the common set of row-letters, 


| | 12,123’ | | 13,124’ |... | 45,3°45’ | | = | 12345 |4- | 1’2’3'4'5'6’ |¢. 
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This exemplifies a very interesting theorem stated by Reiss (p. 62) 


in the form 
k+xek/,a1...K® Ae Me a ee A Ie) be eee 
C A ee 4 ceed K z ...-K+kK i 
k+k ait a E reed Gane 
where eK ORE a Sel, kexeK0 
H=e(7 ~** yo) 


but apparently altogether lost sight of until rediscovered and 
enunciated in a very different guise by Picquet in 1878. It should 
be noted, however, that as regards one case of it Reiss had been fore- 


stalled by Bazin in 1851 (Hist., ii. pp. 206-208). 


The exact con- 


nection between the two theorems, Bazin’s and the so-called 
Picquet’s, is probably best expressed by saying that, if we specialize 
Bazin’s by removing the ‘extension’ and specialize Picquet’s by 
putting & = 1, we shall reach the same result. 

The general theorem, Reiss notes, may be sometimes applied with 
success in treating the problem of resolvability put forward in the 
Second Section, the appropriate cases of course being determinants 
of the type to which the two factors in the theorem belong. Thus 
the determinant 


Kea rey | 


b Ee | 
156 


bed 
789 


| 


being of this type, we take a determinant of the twin type 


cba 


d 
\43201, 


and finding that their product is equal to 


we have 


| 


abe| 
1233) 


ae 
L234 


hieea 
1564 


Bae 
7894 


acd 
156 


abd 
124 


| 


abcd 

1243 

abcd abcd! 

1563| |1562| 

abcd epee 

7893 TS | 
[bed _|abed 
i789) ] |1234 


Bes 

7891) |, 

sae ots abcd 
1256} \|1789}. 


? 
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Similarly it may be shown that 


eee | 1245 | earl _ | 12345 jae (12345), 
1234] |123a| |126y'| 1eE| inbee| 1234a| | 123By| | 12de€] " 


and so on in general, a first requirement being that the & of the 
theorem be equal to n—1. Oe the given determinant being 


= Bl ke 


12345 
1n8ik 


> 


cs BT sal |, 


Reiss selects the twin form 


34] (24) 123, (14 13 | au 
56| |26] |25: |16 pa Be 


which, being a second compound, is equal to 


1234 |% 


and, finding that the product of the two has a vanishing column, 
concludes that 


ey ie 
13 \56 |57 


Much of the space that follows (pp. 67-89) is occupied with the 
question of the vanishing of compound determinants of the two 
kinds, the requisite criteria being found for a number of special 
forms. The results are mainly deductions from the fundamental 
theorem or its corollaries. 

The concluding portion (pp. 89-99) of the Section is devoted 
to the establishment of a theorem regarding any minor of the 
determinant 


58 


kek, & lage KS 
Chin e\og 1... Ke) 
which we have seen to be the subject of the so-called Picquet’s 
theorem. The result obtained is related to the latter theorem 
exactly as Franke’s is related to Sylvester’s, and, as Reiss points 
out, degenerates into Franke’s theorem simultaneously with the 
degeneration of Picquet’s into Sylvester’s. 
In an Appendix (pp. 100-113) Reiss makes a variety of 
applications to Geometry. 
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KRONECKER, L. (1869). 


[Bemerkungen zur Determinanten-Theorie. Crelle’s Journ., |xxii. 
pp. 152-175 ; or Werke, i. pp. 237-269. ] 

The theorem which the first of the notes concerns is § 4.7 of 
Baltzer’s second edition (see above, p. 14), and is to the effect that 
of the determinant | ay,a5.. . Anm| be bordered in n® dafferent ways, 
the typical resulting determinant being 


ai Any 5 go Geowre tei,  teliik 
By, yp we 2 om AQ 
Pe ini aaa $ or Bix, Say, 
An Ame ere QO) anm ink 
| Qi Ane + + + + Am 


where h and k are any one of the first n integers and n> m, then all 
the (m-+1)-line minors of |B,,| must vanish. The proof consists 
in expressing each B in terms of the elements of its last row and 
their complementary minors, and then pointing out that any one 
of the (m-+1)-line minors in question, as thus altered, can be seen 
to. be expressible as the product of two vanishing determinants. 

Hesse’s compound determinant like | B,,,| may be worth recalling 
(Hist., u. pp. 130-132). 


HUNYADY, E. (1875, 1876). 
[A kapszeleten fekvé hat pont feltételi egyenletének kitilénbéz6 
alakjairél. Hrtekezések a math. tudomanyok korébol (Budapest). 
iv. 6 (23 pp.)] 
[Ueber die verschiedenen Formen der Bedingungsgleichung, welche 
ausdriickt, dass sechs Punkte auf einem Kegelschnitte liegen. 
Crelle’s Journ., \xxxiii. pp. 76-85. ] 


What concerns us here is a three-line determinant which is doubly 
compound, that is to say, a determinant whose elements are them- 


selves compound determinants. If we put 


Xx for | Yn | 
Yuin for | aly and | Yar Zinn | for Yur Zinn — YnnZnes 


Zn, t for | w,4r | 
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it may be written 


|YuoZas| | Zi2Xas| | Xr2¥as | 
|YosZe! |ZoaXer} | XssYq|| and be denoted by A. 


| YseZos| | ZseXoo| | XseYes| 


Multiplying rowwise by 
) Xe Yr Zp | 
i Xz, You, Zoe | 
pas Yas Zaz: 
we obtain 
| XV 4sZso | 
A+ | XpVoa.Za5] = | XgaV eh. | | XV orZa5 | 
| XseYosZre| | XseYo2Zaal | XseYosZas lI; 
whence 
read iene kena 
| XseYosZi2| | XseYosZas | 
-| | XyYo%q |-| Ysa] —| Vayars|-| Dryer | | 
—|2yyo23|°|tys%| | LaYs%e|*| Taos | 


= — | tyYyo%e]* | LY ora | * | PeYs%5 | * | TaY52 | 
—| XyYyors| >| My s%e | * | CoH s% | * | PaYars |- 
The vanishing of the left-hand member is in co-ordinate geometry 
the expression of Pascal’s theorem, and the vanishing of the right- 
hand member is the analogous equivalent of a theorem of Pappus 
or Desargues. The proof of the identity of the two members may 
be interestingly compared with Cayley’s procedure of 1843 (Hist., 
i. pp. 10-13). 
Using other multipliers than | X,,Y5,Z4, |, for example 
| XY 34% | ? | X2Yo3Z56 |, ere 
Hunyady obtains the requisite variety of similar expressions for A. 
It has also to be noted that by taking a multiplier in which no 


suffix is repeated an equally interesting result is reached: for 
example 


— 123 - 124 - 156 - 256 - 345 - 346, 
where 125, 126,... . stand for | xyoz5|, | %Yo%|,-.-- 
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SCHRODER, E. (1875). 
[Ueber v. Staudt’s Rechnung mit Wiirfen und verwandte Processe. 
Math. Annalen, x. pp. 289-317.] 
Schréder’s second subsidiary theorem connected with deter- 
minants is given (§ 7. pp. 301-305) as a result in elimination, and 
is to the effect that the eliminant cf the set of equations 


|g 7 Waele Paar darn ie * 
Ue Oy he ee es in — 
ee ay len a 2 Ae o} 
s=1 
tO SI Sree ote Rot, 
is | byb9.-. Dan |. If each equation of the set were written in the 


usual way with each unknown accompanied only by its own coeffi- 
cient, the eliminant would of course appear as a compound deter- 
minant, and would on examination be found to be of the type dealt 
with by Bazin in 1851, and thus equal to 


| b,1bo5 es is Ose Y | @y,Ae9 eee Qun gees 


Schréder’s procedure is of a different character. 


D’OVIDIO, E. (1876, 1877). 


[Nota sui determinanti di determinanti. Att ... Accad. delle 
Sci. (Torino), xi. pp. 949-956. ] 
[Addizioni alla nota sui determinanti di determinanti. Atéz 
Accad. delle Sci. (Torino), xii. pp. 331-333. | 


The results in D’Ovidio’s ‘Note’ are mainly rediscoveries, as he 
himself points out in the ‘ Additions.’ One of them, however, is 
less manifestly so than the others, and deserves enunciation in its 
new form, namely, If in every possible way . of the last X rows and 
x of the last \ columns of | ai |, where of course n >> p, be deleted, 
the determinant whose elements are the minors thus resulting vs equal to 


| Buena abe | Bin [ores 
The elements in question being of the (n—j)"" order, the said deter- 


minant of them must be a minor of the (n—«)"" compound of | @,, |, 
and as such is noteworthy in being expressible in terms of a power 
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of the ‘generating’ determinant | a,, | and a power of a minor of 
the latter. A little examination will show that the theorem is an 
‘extensional,’ and further inquiry will also make clear that it is 
not essentially different from Sylvester’s of March 1851 (Hvst., 
ii. pp. 194-196), the m, n, r in the latter corresponding to A, 7—A, 
A—-. S 

On the other hand, the companion theorem of § ii. (pp. 955-956) 
is new. We may formulate it for ourselves as follows: If every 
possible u.-line minor of | a, | be taken whose rows are not all included 
in the last X rows and whose columns are not all included in the last 
r columns, the determinant of these minors is equal to 


(area [A-Yu—1 ° | he [= Dy 1-A-Dya, 


Here, as in the other, the determinant dealt with is a minor of a 
compound of | a, |, the compound being now the u™ and the order 
of its minor (nm) —(A), ; whereas, in the preceding theorem, the 
compound is the (n—,)" and the order of its minor (\),.. 

In his ‘additions’ D’Ovidio passes on to a third determinant got 
from that of the immediately preceding theorem by substituting 
for each element its complementary ; this, he says, is equal to 


| On —y+1,0 | &-Du—a * | Ayn, [Mae 


where | @,-,+:,,| is the complementary of | a,,,-,|. He also gives 
the ratios of two pairs of other determinants; namely, the 
determinant, F say, whose every element is obtained by deleting 
w rows and u« columns belonging either all to the last \ rows and 
» columns of | a, | or all to the first »—X rows and n—) columns; 
next, the determinant, G say, with elements obtained in similar 
fashion, but the condition of choice now being that at least one row 
and one column shall belong to each of the two specified sets ; and, 
finally, the two determinants, F’, G’ say, got from these by substi- 
tuting for each element its complementary. The ratios given are 


C/E = | ayy [MIA OM, 
G/F = | ayy [MMM 
The order of F is manifestly (\), -+(n—A),, and that of G 
(2). =A (n—A),. 
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TANNER, H. W. LLOYD (1877). 


[Question 5247. Educ. Times, xxx. p. 20; Math. from Educ. Times, 
Xxviil. pp. 41-43.] 

The theorem here proved is not essentially different from Bazin’s 
of 1851, but the proofs given are both new, and the second, by 
G. S. Carr, is noteworthy. When applied to the first example 
given by us under Bazin (Hist., 11. pp. 206-208) and somewhat 
improved, it is as follows, | A,B,C;D,| being the adjugate of 1234: 


5234 6234 a;A,+6,B,+¢,C0,+d;D, a,A,+6,B,+6C0,+4,D, 
1534 1634 | | a,A,+6,B,+6,0,+4,D, a A,+b,Bo+ eC, +d,D, 
A,B,C,D, | a5b,0,d, 
y | A,B,C,D, . | Ade Cole 
= | A,B, ||| @sbe] +... - - + [CDe|*| esde| 
i | ebacady | {| cd, || abe | {aren tet | yb, |e nd, | } 


| dybecad, |-| asbgcgd, |. 


MERTENS, F. (1877). 

[Satze tiber Determinanten und Anwendung derselben zum Beweise 
der Satze von Pascal und Brianchon. Crelle’s Journ., |xxxiv. 
pp. 355-359. | 

Mertens might quite appropriately have adopted the title of 

Hunyady’s paper (1875-6), their common subject being the elimi- 

nant-forms connected with six points on a conic. The one form 

dealt with by both writers is the doubly compound determinant 


| | YreZ45| | ZogX5o] | Xsa Yor | | or A. 
The other forms which Mertens deals with are 
2 ae a) 
De Yo By YH ye THY 
Peet 
Ze, Wa aan ay 
Yo 2 Yoke Mila en | or P say, 
Bee Co oti Mp 
6 Ye%e “Xe Wee 
and 
LyX, YyYo %2_ YiZotYoRy %L_t%o%, LY Voy; 
TB, YoY; 223 YoRyt+Yse. %Ugt%y%y  TeYg +TsYo or, Q say; 


Lely, YoY 221 YoRuti% MWA UY Lays | 
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and the relations established by him are 

A.= —P = Q. 
The basis of this relationship he finds to be the fact that all three 
expressions are homogeneous and of the second degree in each 
of the six sets of coordinates, and all vanish if one set of coordinates 
be made the same as another set. That Q vanishes on putting 


Vs, Ys 2% = MH, Yr» Ap 
he proves by performing the operation 
row, : 346 — row;° 246 + row,° 236 — row; - 234, 
the first row then becoming a row of zeros. 

He also gives an interesting result regarding a quasi-adjugate 
of P, namely, that if in P there be substituted for the elements of 
| X,Vo%_| the elements of the adjugate | X,Y,Z,| and for the elements 
of |Ys%| the elements of the adjugate | X,Y,Z,|, the resulting 
P ts —| x,Yo2, |? | Xyy52 |? times the original P. This he establishes 
by making the substitution not in P, but in its equivalent —A. 


SCHOLTZ, A. (1877-8). 


[Sechs Punkte eimes Kegelschnittes. Archiv d. Math. u. Phys., 
lxii. (1878), pp. 317-324; or, in Magyar, Muegyetemi Lapok, 
ii. (1877), pp. 65- .] 

Scholtz’s object is quite similar to that of Hunyady and Mertens, 
neither of whom he mentions. He brings forward no new eliminant- 
form, but his exposition is specially clear and full, and his mode of 
establishing the identity of the expressions which we have denoted by 


—P, A, D 


is his own. As auxiliaries he uses, after proof, the case of Schlafli’s 
theorem of 1851, in which n, r = 3, 2, and the theorem concerning 
a 3-by-6 array, 

| yoze| | 20 p| | Pee | 

lyy2s| |e] [ays] | = |aaypre| > | ayers | — | tayere | * | 2 Ys%e |; 
lym] [zeae] | aeye| 


a special case of which had been employed by Mertens, and which 
in general form is probably due to Hunyady (see below). 
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FROBENIUS, G. (1878). 
[Ueber die schiefe Invariante einer bilinearen oder quadratischen 
Form. Crelle’s Journ., |xxxvi. pp. 44-71.] 


By ‘Sylvester’s Determinantensatz,’ to which § 3 (pp. 53-54) is 
devoted, Frobenius means the first theorem of March 1851. The 
proof adduced is far from attractive: thus, in the case of the 
example before given by us (Hist., ii. p. 61), he has to multiply 


| 2b.¢,d,;f.9¢ | 
laboriously by | a,b,c, |° in the form 


| b,c, | —| byes | | b,c, | 

| 2x0; | | a,¢,| —| aye, | 

ab, | —| a,b; | | a,b, | 

4020, | | abc] — | abye,|  —| a,b,¢3| 

5003 | | @,bsc,| — | aybu6, | . —| a,b,c, | 

6O2C3| | a D—Cg| | Daeg | . . —| a,b,¢, | 

7bs¢3| | a,b,c, — | 4,0; | . . . —| a,b,¢, | 


and then divide the result by | a,b,c; |°. 


PICQUET, H. (1878). 


[Sur le déterminant dont les éléments sont tous les mineurs possibles 
d’ordre donné d’un déterminant donné. Comptes Rendus 
Acad. des. Sct. (Paris), lxxxvi. pp. 310-312. ] 

[Analyse combinatoire des déterminants. Comptes Rendus 

Acad. des Sci. (Paris), lxxxvi. pp. 1118-1119.] 

[Mémoire sur l’application du calcul des combinaisons 4 la théorie 
des déterminants. Journ. de l'Ec. Polyt., Cah. xlv. pp. 201- 
243. ] 


Picquet’s short communications to the Academy of Sciences 
contain the enunciations of nine theorems at first supposed by him 
to be all new: the memoir, on the other hand, is an exposition of 
what he believed to be the whole subject, with his own theorems 
set in their appropriate places. It (the memoir) is orderly arranged 
and clearly written, and, although among the more important of 
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the writer’s predecessors Reiss and D’Ovidio are lost sight of, it 
remains a valuable monograph. 

In the first twelve pages there is little that is fresh. We may 
note merely that formal proof is given (pp. 205-206) of the pro- 
position that the m” compound of | a,| ts not altered in substance 
of to each of its elements be prefixed +- or — as determined by the sign- 
rule associated with Laplace’s expansion-theorem; that (Cor. p. 208) 
the m compound is equal to the (n—m-+1)" compound: and that 
(Cor. p. 211) to every minor of the order (n—1),, in the m™ compound 
there 1s an equivalent minor in the complementary compound. In 
connection with the second of these we may remark that the 1* 
and n‘® compound are not only equal but are identical. 

The first thing noteworthy is a preliminary theorem, which, 
although formally proved, rests manifestly on the simple fact that 
the m™ compound of a minor of | a, | is a minor of the m" compound 
of |a,|. It is to the effect that any m-line minor of |a,,| ts 
expressible as the (m—1)," root of a minor of the (m—t) compound of 
|a,, |. This is followed by the related result (p. 213) that cf M, be 
an h-line minor of | ay |, M,- being its complementary, and there 
be formed all the minors of the (h-+-k)” order which contain neither all 
the rows nor all the columns of M,, then the determinant whose elements 
are these minors is equal to 


(Mo. )° és | ais | Paee—1 eB). 


Tt ought to be noted, although Picquet views the matter from a 
different standpoint, that we have here again an instance of a minor 
of the m'" compound being expressible as a product of a power of the 
generating determimant by a power of one of its minors. 

What is next reached is the interesting theorem (no. 8), which we 
have already spoken of under Reiss as the so-called ‘ Picquet’s 
theorem.’ As now stated, it is to the effect that if every set of q 
columns of | | be replaced by every set of q columns of | by, |, the 
determinant, V say, of the square array of determinants thus obtained 
as equal to 

| Ain eta 2 | bin |™-Mq-1. 


A mode of proof is at once suggested if it be observed that the 
first factor of the result is equal to the (n—gq) compound of [inl 
and the second to the q’* compound of | b,,|. If in the formation 


COMPOUND DETERMINANTS (PICQUET, 1878) 199 


of the elements of this ‘ mixed n* compound,’ if we may so call it, 
the two basic determinants were to change places we should have 
another determinant V’, which would consequently be equal to 


| Din [eve * [an hy ets 
so that there would result 
, (nr) 
VV a {| ax, |- ee a 


as an analogue to Cauchy’s theorem regarding the product of 
complementary compounds. Of course the elements of V and V’ 
might be so arranged that any element of the one would contain 
those columns of | a,,, | and | 6,,,| which are not contained in the 
corresponding element of the other, and be thus, in an extended 
sense, complementary. Picquet might also have noted that if | 0,,, | 
were the conjugate of | a,,,|, his mixed compound would then be 
equal to 
| in eee 

Towards the close of the memoir (pp. 238-241) an important related 
result is given, namely, that the ratio of any h-line minor of V to 
the complementary of the corresponding minor of V’ 1s equal to 


Fee Oink te 
| Bin eieekien : | By ees 


Two modes of proof are given, the nature of which will be guessed 
when it is recognized that the theorem is a generalization of Franke’s 
of 1862, into which, as a matter of fact, it degenerates when | 0,, | 
is such that b,, = 1, b,; = 0. In this again Picquet was forestalled 
by Reiss. 

The ninth theorem (p. 216) is professedly Sylvester’s of March 
1851 (Hist., ii. pp. 193-197): the tenth is an alternative mode of 
stating the ninth: and the eleventh is essentially the same as one 
of D’Ovidio’s of 1876 (§ iii. of the ‘ Nota’). This last, for the sake 
of uniformity, we may enunciate in our own way, namely, [f M,, be 
an h-line minor of | am |, Mn» being its complementary, and there 
be formed all the minors of the (n—h—k)” order such that neither all 
their rows nor all their columns belong to M’,_,,, the determinant 
whose elements are these minors is equal to 


(M,,)@-BMe + | gy [np eM PM, 
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At this stage considerable space (pp. 222-233) is devoted to 
examples illustrating the theorems thus far reached and leading to 
another theorem (no. 12) in which the m‘ compound of | 4, | is 
made to produce a mixed m'" compound by replacements from the 
m” compound of | b,, |. There then follows Sylvester’s theorem of 
August 1851 (Hist., ii. pp. 61-62): and the memoir ends with a 
theorem regarding a special minor of the mixed n'" compound V 
above referred to. 


RUBINI, R. (1878). 


[Formole di trasformazioni nella teorica dei determinanti. Giornale 
di Mat., xvi. pp. 198-208, 344.] 


Rubini’s main theorem is that extreme case of Bazin’s which had 
already been rediscovered by Zehfuss in 1862. His mode of 
establishing it is to multiply | @,,,| by | 2,, |, equate the elements 
of the resulting product to the elements of | b,,, | in order, solve for 
the z’s in rows, and then substitute their values in |2,,|. The 
outcome being a compound determinant equal to AB”"~', the com- 
panion determinant equal to A”-1B is noted, and easy deductions 
made. Attention is also drawn to special cases; in particular, how 
by taking one of the given determinants equal to unity, say equal to 


(kK) (F+N)o (442), 

(A), (k+l, (4+2), 

(ke (K+1), (k+2). .... 
the adjugate of the other determinant can be obtained in any 
number of forms. 

The really fresh result of the paper is contained in §5, where he 
shows, merely by making a column of A identical with a column of 
B, that his supposed new compound determinant equal to AB"-! 
has every one of its primary minors exactly divisible by B"-2, and 
that as a consequence of dividing by this factor there is obtained 
as an expression for AB an aggregate of products of pairs of deter- 
minants,—in other words, Sylvester’s expansion of the years 1839, 


1851. From this, again, easy specializations and deductions are 
made. 
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SYLVESTER, J. J. (1879). 


[Sur les déterminants composés. Crelle’s Journ., lxxxviii. pp- 
49-67 ; or Collected Math. Papers, iii. pp. 456-473.] 

At the outset (pp. 49-53) Sylvester rehearses his previous work 
on the subject, the appearance of it being slightly changed because 
of a fresh notation : for example, the theorem regarding the evalua- 
tion of the m‘" compound takes the form 

oo 2 eS C.Opnet ly \ eel 
pales cee dy, xX arcs 2+ An = ee Peat e} , 
and the ‘ extended ’ m'* compound is written 


OO p> ts. TO, || K0[ 18, Base py ajay chen am | - 
He also illustrates diagrammatically the degeneration of one of his 
theorems (Hist., ii. pp. 197-200) into the ordinary multiplication- 
theorem, the product of two rows or two columns 
(41, Gg, Ag, Ughaj, ag, Gg, a4) 
being representable in the form 


eile Lapaenst thi. cas Tasty (Oy 
1 Ay 
i Qs 
1 @, 
OTT Ogi tg Ay 


There then comes his new but improved generalization (pp. 53-55), 
the subject of which is already familiar to us from the writings of 
others, namely, the expression of a minor of the m' compound of 
| a,,, | in terms of minors of | @,, |. Reiss, who had tackled the 
problem in 1867, is not referred to. In effect Sylvester says that 
every minor is so expressible if it be constructed so as to have each 
of its elements containing a rows and a columns chosen from a fixed 
rows and a fixed columns of the generating determinant, 8 rows and 
8 columns from 6 other fixed rows and columns of the generating 
determinant, and so on, the number of lines in each element thus 
being 

atB+... +6, 
the number of lines in the generating determinant 


atb+... +2, 
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and the number of lines in the constructed minor 
CaatCoet --» $Cz¢. 
For example, if the generating determinant be 
1123456 
led Se Aste 


and if the submitted minor of its third compound be such that each 
of its elements contains two row-numbers and two column-numbers 
chosen from 1, 2, 3, and one row-number and one column-number 
chosen from 4, 5, 6, then the said submitted minor must be 


124| (125) |126| |134] |135| [136] |234 235 | | 236 | 
124} |125| |126) |134] | 185) |186| |234] |235/ | 236) {, 
and according to Sylvester it is equal to 
123456 |? | 123 |* | 456 
123456 | | 123 456 |. 


Following on this illustration, or, rather, on the ‘extensional * 
of it, there is given an alternative mode of stating the theorem 
together with full diagrammatic illustrations (pp. 56-65). The 
paper concludes with an afterthought involving a further generali- 
zation in which oblong arrays take the place of determinants. 


MUIR, T. (1879). 


(See under this heading in chap. i.) 


HUNYADY, E. (1879). 


[A masodfoki feliiletek elméletéhez. Ertekesézck a math. tudo- 
manyok korébol (Budapest), vii. 5 (36 pp.).] 
[Beitrag zur Theorie der Flaiche zweiten Grades. Crelle’s Journ., 
Ixxxix. pp. 47-69.] 

Hunyady’s mode of discovery, as we have already seen, is the 
familiar one of seeking out two or more expressions for one and the 
same condition and then comparing the results. On this occasion 
the condition is that connected with the existence of ten points on 
a quadric surface. As the outcome of some research (pp. 47-48) 
he brings together a series of related problems in geometry, and 
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thence obtains by elimination six forms of determinants whose 
vanishing is the condition in question. 


If the coordinates of the 2" of the ten points be denoted by 


and the determinant | 7,y,z,w,| by 


the eliminants reached are 


(2;, Yi, 2 i oO Wi), 
| ht |, 
[a” y, 27 w? xy, m2, 2, 
Cen scan en Loe aoe, ZW 
2 2 2 2 S 
ZT Yo % My MHYq XO Wo 
where 0 is written for 10: 
235 |-|1245| |1235|-/1345| | 1235|-|2345) |1245]-/1345]  |1245]-|2345] 
2365 | 1246 |1236|-/1346| |1236]-|2346| |1246]-|1346| |1246/4)2346| 
230|-|1240| |1230)-|1340] |1230|-|2340] |1240|.|1340] _[1240)-)2340) 
|1287|-|4567] |1347|-}2567] | 1457 |-/ 2367 | 
|1238|-|4568| | 1348|-|2568| | 1458|-| 2368) 
| 1239 |-|4569| |1349|-]2569| | 1459 |.|2369 | 
1230 |-| 4560| | 1340|-|2560] | 1450]-/ 2360 
| 1256 |-|2346| | 1286 |-|3456] | 1456|-|2346| | 1256 |-| 3456 | 
j2257|-12887]|1287 ({3457] |1467 12347] | 1257-3457 
| 1250 |-| 2340 | 1230 |-| 3450 1450). 2340] 11250). | 3450 | 


and two others of still more complicated form. 

As a first step towards the establishment of the relations between 
D, E, F, G, Hunyady proves the identity existing between | x,y,2,w, |° 
and the ten-line determinant, Q say, whose rows in order consist 
of the terms of the expansions of 


(x, ae ay +w,)? 


6 “uh br Lae 
(x, +Yy, +2 +) (o+Yo+%, +) 


(%3-+Y3-+23-+Ws) (+4, +2, +W,) 


|1345|- 
|1346|- 


[1340]. 


| 1257 |- 


| 1258 |. 
| 1259]. 
| 1250 |. 


| 1236 |- 


| 1237]. 


, sor) D/ say, 


2345} 
2346| 


Il 


2340| 
| 3467 | 
| 3468 | 
3469 | 
| 3460 | 


= 7h! 
=F, 


1456 | 
| 1457 | 


ee 
=G, 


| 1230 |-! 1450 | 
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respectively. His procedure is similar to that followed by Scholtas 
in dealing with the corresponding theorem regarding | wie etel see 
that is to say, he multiplies the ten-line determinant by 


| 02505 | | Yo%s2Pr | > | Yate | | W122 |, 
reduces the product to the form 
LYiYo  %2Z_  WyWy Yy%tYo% YWotYoW, Wye +2 

YrY3 212 WW; YyZstYst% YrWs Ys, 2% Ws 12s 
— | 1934 * YY aa See er 

UY, pics ae ee VER ee ee 
the six-line determinant of which he says is equal to 

=| Yo%sy | + | 5241 | >| Ya2re | | 12%]. 

He thus obtains 


S = | 1234|5 
as desired. 


Taking then the determinant S derived from S by substituting 
for each element its cofactor in | 1234|, Hunyady multiplies D by 
it, and obtains after reduction 

DS = |1234|8-E, 


which, since S is equal to | 1234 |*5, gives the relation between 
D and E to be 
E = |1234|7-D. 


Similarly, with the help of other lemmas, it is shown that 
F { |1245|-|1346|-|2356| _— | 1256 | -| 1345] -|2346| } D, 
G = — |2845|-|3451|-|4512|-|5123|-|1234]-D. 


The fifth and sixth forms of eliminant are also satisfactorily accounted 


for, being shown, like the others, to be multiples of D, namely, the 
one equal to 


Il 


—|7890|-F, 
and the other equal to 


—|7890| -|8906|-|9067 | -|0678]-|6789|-G. 


*See above under General Determinants. 
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HUNYADY, E. (1879). 
[Der Satz von Desargues tiber perspectivische Dreiecke. C'elle’s 
Journ., lxxxix. pp. 79-81.] 

Here Hunyady’s object is to establish the identity in coordinate 
geometry which is the equivalent of Desargues’ theorem. To this 
end he first shows, in regard to the array 

ais Leet eee 


WY Yo Y3 Ys Ys Yo 


2% % %, %, 25 2%, 


that 
Yims | ZX, | | LyY4 | | LyYo%s, | | LpYoRs | 
[Yes] | Z| | aey5] | = lays! | eyes | 
lys%e1 [2s%e1 | 25% | 36 Y%ol 1, 


which is readily done by multiplying the determinant on the left 
rowwise by 


mY 4 
Uy Ys % 
Ly Yo % 


where |X, Y,Z,|, | X,Y;Z,| are the adjugates of | 7,y,2,|, | x52, | 
respectively, and applying to it the theorem just reached obtains 
of course 

| X:¥225| | X,¥.Z; | 
NEVA Z,X xy, | = : 
(thle alec ols We eet geera 


Here, however, each element of the first column on the right can, by 
multiplying by | x,y,z,|, be shown to have |2,y,z,| for a factor, 
and similarly each element of the second column to have | 7,¥,2, | 
for a factor, the right-hand member thus becoming 


1244326 | | 21452 | 
| 4Yo2%5| | BYo%s5 | 45 


| a Y23 | - | UsY5%6 | ° 
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so that, on using again our initial identity, we have 


| 1,2, | | Z,X; | |X;Y.||= | 2, 42% || east LV zs | | Zar, | [ayo ||, 


which is the result sought to be established. 

As the said initial identity is not essentially different from one 
given by Scholtz in the second volume of Miiegyetemi Lapok, it is 
important to note that Hunyady here states that the substance of 
the present paper had appeared previously in the first volume of 
the same publication. 


PASCH, M. (1879). 


(Ueber gewisse Determinanten, welche in der Lehre von den Kegel- 
schnitten vorkommen. Crelle’s Journ., Ixxxix. pp. 247—251.] 


Save in one instance the determinants referred to in the title 
are those with which Hunyady, Mertens and Scholtz have already 
made us familiar. The demonstrations are Pasch’s own, but 
present no feature of particular interest. The fresh result is 


| XaY325 | | LeYa% | | ao43%5 | | MoYs2,] | Po 9% | | LYs2s, | 

| 234125 | | 234% | | wsy.%| | esi 1 | e412 | | L34425 | 

| XyYo2%5 | | Yo%1 | LrYo% | | ayyozy| | MyYo%s | | MY 22s | 
= | 2Yo%|7-| 2, Yo” %3" Ys24 %sLs Leo |- 


By expanding the left-hand member in terms of the elements of 
its first row and their complementaries, we obtain without difficulty 


(235-236-314-124-165 — 236-234-315-125-164 + 234-235-316-126-154) 123. 

But of the three terms here within the brackets, 

the first = 235-236-314(125-416—126-415), 

the second = 236-125-146 (235-431 —231-435), 

the third = 235-126-154 (236-314 —231-346), 
and consequently their sum is 

—(236-125-146-435 —235-126-154-346) 123. 

We thus have for our compound determinant the equivalent 


1237(125-146-236-345 —126-145-235-346), 
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which, with the help of a previous identity (—D = P) becomes 
the result desired.* 


BORCHARDT, C. W. (1880). 


[Remarque relative au mémoire de M. Sylvester sur les détermi- 
nants composés. Crelle’s Journ., \xxxix. pp. 82-85; or 
Werke, pp. 494 et seqq.] 

_ After restating Sylvester’s theorem of the preceding year, Bor- 

chardt intimates that in consequence of correspondence with 

Sylvester he had been requested by the latter to withdraw the 

theorem for the present. He then conclusively shows that the 

enunciation cannot be accepted as correct by taking the simplest 
possible case, namely, where 


Nye BING, S212 opens Ae 
Wis Prius i elcid 
and where, therefore, the subject under discussion is the resolva- 
bility of 
113} [14] [23 ed 
}13) |14) j93} al |, 
that is to say, of the central four-line minor of the second compound 


of | 1284 
| 1234 
must be equal to 


. According to Sylvester this central four-line minor 


|1234) | 12] | | 34 
| 1234] 112)” |34 


and Borchardt formally proves that it is equal to 
1234| | /12/ [12 
34 


? 


1234 12| 
34| | 34 
12} |34) |, 


as indeed is manifest from Franke’s theorem of 1862, which Borchardt 
had established and had helped to make known. 


*This is not Pasch’s proof, which would have necessitated the introduction 
of additional notation and auxiliary matter not otherwise of use in the present 


connection. 


CHAPTER VII. 
RECURRENTS, FROM 1858 TO 1879. 


No special form, save Alternants, has received so much attention 
during the period now reached as Recurrents ; and, what is more 
striking, the signs of increase of interest taken in it are much more 
conspicuous than in the case even of Alternants, the number of 
writings being about five-fold what it was in the preceding period. 
Doubtless part of this is due to the fact that the form lies near the 
surface, so to say, in many parts of Algebra, so that examples are 
easily got at,—one for every recurrence-formula known or unknown. 
In this way not a small portion of the work spent on it seems some- 
what futile, and we have consequently curtailed our reports as far 
as was possible without doing injustice. As stated at the close of 
our first chapter on the subject (Hist., i. p. 218) it is the recurrence- 
formula, not the recurrent, that is of prime importance. 

Two of the writings here dealt with belong to the period of the 
preceding volume ; there also formal note should have been made 
that Continuants, whose history begins in 1853 and is treated 
separately, form a special class of Recurrents. 


BRIOSCHI, F. (1858). 


[Sulle funzioni Bernoulliane ed Euleriane. Annali di Mat., i. pp. 
260-263 ; or Opere Mat., i. pp. 343-347. ] 


In this notice of no. 9 of Raabe’s Mathematische Mittheilungen 
(160 pp. Ziirich, 1858) Brioschi gives in passing the result 


Gg) 50 Lape ees “1S? ie 
5 dy _SN\(-1* (sy Ata 
= . ee a ree 

Dig Oey On ah caused >; PACA SEE eee 
; a 


n 
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where ¢;, €,..., €,, being neither negative nor fractional, satisfy 
the equation 
€,+2e,1+8e,+ ... +Nen = N, 


and where Le stands for e,-+-e,+ ... +e,. 


BRUNO, F. FAA DI (1859). 
[T'ufoRie GENERALE DE WELIMINATION. .. x-224 pp. Paris.] 


Of the seven carefully formulated propositions regarding sym- 
metric functions which are the subject of Bruno’s opening chapter 
(pp. 1-22), the first and last involve a recurrent. The first, being 
already known (Hist., ii. pp. 211-212), is only worth mentioning 
because of the fact that in a footnote (p. 2) its quasi-converse is 
deduced from the same set of equations, namely, 


|, 1 | 
a, =(-1y | # $y 2 | 


The other is taken from Brioschi,* by whom it was used for the 
purpose of expressing in terms of the a’s any symmetric function ¢ 
of the roots of the equation 


e"+a,nr3+t ... +a, = (ex—a;)(x—ay) . . . (x—a,) = 0. 
It is 


op 
af 1 
"3s, 
ays eas 1 

O8y—4 
ie 

ie) 

nae (Gee Clann ciel 
» TOP (f= |) 0, oye 20, 


* Brroscui, F. Sulle funzioni simmetriche delle radici di unaequazione, Annali 
di sci. mat. é fis., v. (1854), pp. 422-428. 
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The recurrence-formula on which it is founded, namely, 


op op US ae al ah 
enor oa me ee Tt ates 0 38, 


is obtained from 


Op _ Of Oy Op OM OP Oy 
08 O00, 08, = Od, 08, aan Oa, 8, 
on substituting * 
Oy, 
= 2 On-r for ae 


It is evidently only helpful when o¢/0s,, O/0s,-,, . . . are already 
known in terms of the a’s, a contingency which would supervene if 
the ¢’s were being calculated for tabulation in ascending order of 
degree. Thus, in the illustrative case where ¢ = S)a,*a°as, 
Brioschi has to assume as known 


op 
O8., 


ms 
= Dia,‘a, = — aa, + 0,72, +... 


te) ; 
sf = Da og - or = —a,*+ 5a,°a,+... 
4 


A one-page table of such results is given by Bruno (pp. 19-20), but, 
unfortunately, it is very inaccurate. It could readily have been 
checked with Hirsch’s Sammlung of 1804 or Cayley’s memoir of 
1856-57 (Philos. Transac. Roy. Soc. London, cxlvi. pp. 489-499). 


* From the identities 
8 +4, = 9, 8) + 48, + 2a,=90, earls cs 


there is obtained by differentiation 


Cay gas Os; 

OS» he 

Cay sy lees 

Os, 08, 20s, 

Oats Os, — 1) espee Wiss 


ay = a Se -—-=— 
O8, : Os Bad 8, 3 O8r 
2 > 


and it is this, arrived at in a different manner, which is Brioschi’s warrant 
for the substitution here used. 
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Attention is drawn to the fact that in the case of both propositions 
the final expansion is isobaric, the weight of each term being of course 
equal to the degree of the symmetric function concerned. 


SYLVESTER, J. J. (1862). 


[On the integral of the general equation in differences. Philos. 
Magazine, xxiv. pp. 436-441; or Collected Math. Papers, ii. 
pp. 318-322. ] 


The given equation being 
Ant, + Ogle —1 + Crllzg-9 +.... = 0, 
with the conditions 4 = 1, u<) = 0, it is readily seen that 
Un = R, + (—)"ayay.. . Gy; 
where R,, is a recurrent ; for example, 
Ri=| bg cy dy e | 


az bs Cs ds, | 


ee, ako; 


Sylvester consequently is led to seek a rule for finding the final 
development of such a determinant. To this end he writes the 
determinant in the form 
43 42 4,1 4,0 | 
SiSuED, 2d) leee,0 
2,2) 231 20 
t 10e7,05 


takes all the descending sets of integers beginning with 4 and ending 


with 0, namely, 
43210 


4320 
4310 
4210 
430 
420 
410 
40, 
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and finally, from these sets, constructs the terms 
4,3 x3,2 x2,1 X1,0 
—4,3 x3,2 x2,0 x(1,1) 
—4,3 x3,1 x1,0 x (2,2) 
43 %2,1 <1,0% (3:5) 
4,3 x3,0 x(1,1 x2,2) 
4,2. x2,0 x(1,1 x3,3) 
4,1 x1,0 x (2,2 x3,3) 
—4,0x(1,1 x2,2 x3,3). 


No justification of the ‘ rule ’ is given. 


TRUDI, N. (1862). 
[TEORIA DEI DETERMINANTI, e loro Applicazioni (pp. 122-128), 
ix+268 pp. Napoli.] 
In the division of ayv™+.. . by bot"+. . ., where m and n are 


positive integers and m= n, Trudi stops on reaching the remainder 
which is of the (n—1)" degree in z. Assuming the identity 


Ayu” + iP pres ear 
Rane ou Aes Ee pee 
A 


R 
a 


Nhat ee: 
ba" +... 


he multiplies both sides by B, and, equating coefficients of like 
powers of «, obtains the necessary equations for determining the 
q’s and the c’s in terms of the a’s and b’s. The expressions for the 
q’s are of course in accord with Faure’s (1855) ; the expressions for 
the c’s are 


1 1 1 

a a =| a a —}| a a 

Bon Sr 0 Re ale ea eee hen m = n, 

old, by |, °| by by |, 81 By be |> Hea 

1 il 

B A A A i A A 43 

ole Da O; 0 by Osta eons when m = n+l, 
by 5, by |, by 5, bg |, 


and so on. He also by summation obtains a single determinant 
equal to Q and another equal to R. 
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He does not, however, note that the results when once got are 
susceptible of the simplest possible verification. Thus, whatever 
the letters may denote, we have as manifest identities 


A=; dy ty ee a A 
i by ae A ERE 
1 | 
A=-/% @ .|B 5| G a A | 
Sainte: 9p 4 ohh Mapes 
by b, 2 by 0, Ba | 
1 | 1 . 
A= =| % % a Cer M % 
b be ie 0 syed eas 
by ob, by a | by b, b, Bat}, 


and, A and B being defined as above, the first identity is to be used 
when m = n, the second when m = n+1, and soon. For example, 
when m= n-+2, 


iI] 1) 1 
= as Sry A ay A ay ok 5 aA ay As | xL— 5 A Q a : 
i aaa c| : tehazant ,ameanalo re bpaety. | 
| } 
ees by b, by | by by by 
1 Visa 1| he 
= ;° Ag x — =| A by x ob Be Ay by ° ’ 
: mee by | | a, db, by | 
and 
R= 5 My a d A —ayx*?—aga"t!—a ga" 
r by B rms pv” 


- bo 6, Ba —byx"t1—b,x” 
bo 6, 6, Ba?—byx"*2—b,c"*1—bx 


= 5) % % G age” *tagur*+... 
LE gee ae 

. by b, bt a byt? + se oe 
OgeOp Os BUR ae 00 iy 


214 HISTORY OF THE THEORY OF DETERMINANTS 


=, Oy Oe eg | ia es eas 
by bb, 
by bby 
i Lie TiS te 
the coefficients of «*-1, x"-?, . . . agreeing with the expressions 
found for ¢), ¢, . . - in the early part of the exposition. 


In a closing remark on the possibility of the unlimited continu- 
ance of the division he gives as an example, 


Lae : - Agta} ld 5b 24 —|@ 6 g-3— 
oh  — a! % [N+ 0 % 
bya? + ba+l + b, > be "I a b, 3 a, b, by 
by b, | 


where the determinants are continuants. 


TRUDI, N. (1862). 


[Intorno ad alcune formole di sviluppo. Rendic. dell’ Accad. 
. . (Napoli), pp. 135-143.] 


Having obtained independently Faure’s result of 1855, Trudi sets 
himself the task of finding an expression for the development of 
the related determinant, namely, the determinant of which 

1/(Qg+aa+... +4,2™) 
is the generating function. Applying to the case where f(u) = 1/u 
a general formula given by Fergola for the 7” differential coefficient 


of f(u) with respect to z he establishes Brioschi’s result of 1858 in 
a slightly extended WED, eas 


eg a 

| ata? en 
Gg % (= Dee. (Xe)! -a nw sey Uy ote OO, pee 
Az A ay Ee oat ey. 


He then uses av to arrive at a similar expression for the corre- 
sponding determinant in the case of the quotient 

bot" +b,a"14...+40, 

Agu™ + aa" 4+... +a,’ 
and finally making the numerator here the derivate of the denomi- 


nator reaches Waring’s expression for a sum of like powers of the 
roots of an equation. 


Or 
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ZEIPEL, V. v. (1862). 


[Om en klass af determinanter. Oversigt. . . Vetenskaps- Akad. 
Forhandl. (Stockholm), Arg. xix. pp. 439-445.] 


The kind of determinant referred to is exemplified by 


COX —2 | Cox —2x : 
ceé’x (c—1)éz | cé’e = (c—1) da —2x 
co’e (2e—1)0*e (e—2)dx7 |, .... 


where the first row is 
coz, —2z, 0, 0, OQ, 
and any other element a,, is got from the formula 
ps = OBy_1,¢ + Gr—1,0-1- 
We may with convenience denote them temporarily by 
Liss aLgny ae ee: 


Zeipel’s first theorem calls to mind one of the earliest found 
properties of Wronskians, being to the effect that the differential of 
such a determinant rs got by substituting for the last row the row which 
would follow the last on continuing to apply the same law of formation : 
for example, 


6| 26% —ax ‘ =| 260% —2& yj ate 
20°%% 6% —2£ | 26%% da —2 | 
262 36% | 264 5d%x 36%x | 


The gradational style of proof is used, it being shown that, if it 
hold for the first r cases, it must hold also for the (r+1). To 
this end Z,,, is expressed in terms of the elements of the last row 
and their complementary minors, with the result 
Ln = coe (er, 7) a 9 Z,0°¢ 
ok a vd ON ae 

differentiation is then performed, and in the subsequent condensa- 
tion of terms use is made of the fact that according to hypothesis 


Z, = 26Z,+(c—1)Z, oz, 
Z, = x£6Z,+(c—2)Z, 62, 
Z, = LOLyp_1+(e—r+1)Z,_, 6a. 
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The final expression thus obtained for 6Z,,, is found to be equiva- 
lent to the determinant form aimed at. 
The other matter dealt with is the so-called ‘evaluation’ of the 
Z’s. The result of differentiating x° being cx*-téx, we have 
Ox e Ls 
and from this, in the same way, 
See = &6Z,4+Z,(c—l)a* sr 
= x? {r6Z,+(c—1)Z, 62x} 


= Le, 
and so forth. The result thus led up to is 
er oda ios 


FERGOLA, E. (1863). 
[Questioni 5, 6, 7. Giornale di Mat., i. pp. 63-64; 1. pp. 221-222; 
ili. pp. 190-201 ; ii. pp. 94-99, 377-380.] 

The interest of these problems attaches mainly to the Theory of 
Integers. What belongs to the theory of determinants is usefully 
segregated by Mola in his second paper, namely, the question of 
the final expansion of the recurrent 

a, 1 

a a 2 

a; A a 3 
The nature of the ‘rule’ which he reaches is evident from the result 
given by it in the case of the fourth order, namely, 


a! 2,9, 4,2, AQ as wot 
"Ud +2)0-43) +242) +1043) $384) 


AQ, Ay A, QA, <a a,Q,4, _4, iy 
170+ 1)(143)— 1(1+2)(14+3) 2(2+1)(2+2) 4)’ 
1.€. a,*+ 38a," + 8a,a,—6a,2a,—6a,, 


where the sets of suffixes are permutations of the partitions of 4. 
The final form of expansion is that of an isobaric function, namely, 


1 "dg 2 5 En 
> (—1)r-2, aia’ at, 
€ 
152% | nt e le! . 


Py’ 
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where, in forming the terms to be summed, each e may be 0 or any 
positive integer subject to the condition 

le, +2e+3e+...+Ne, = n. 


D’OVIDIO, E. (1863). 
[Due teoremi di determinanti. Giornale di Mat., i. pp. 135-139.] 


D’Ovidio’s first determinant is best viewed as being constructed 
by prefixing the row 


2 oe ie 
p 
and the column 
1 1 1 1 
Dep ly 21(p42)" —  -* (n—p)in 
to the persymmetric recurrent 
1 1 it c 
B1)3 P)(n a sep (n—p +2)? page ot 1? Le 0, 0, roar. 


Calling it D,,_,,, and performing the operation 
col,—pcol,, 
D’Ovidio at once obtains 


il 
D n—p+1 — 


Pp 
— a 
“Satide atom) Ge ad bee We oe 


n—p) 
and thence finally 
D 


1 ‘ 
As a corollary he has of course D, = ai? where D,, is a persym- 


metric recurrent exactly like that to which the row and column 
were prefixed ; for example, 


He | ae Wir 

Bj ee 

Ne ee 
= 
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His second is viewable as a generalization of another persym- 
metric recurrent, namely, of 


Gal)t SP oe Wig yg othe eee Oyen eee a oc .), 


where m, = m(m—1)....(m—n+1)/1-2-.... 2. The last 
row of this being 


WM ge gon ernie ae Tee 
we have only got to multiply its first element by 
1/(n+1)(n+2) .... (n+p) 
and all the other elements by 
I/n(n+1).... (nt+p—1) 


to obtain the last row of the new determinant, D', say, every 
other row being formable from the row following it by lessening 
pby 1. Evaluation is then effected by performing the operation 


col, — Poe COLS 
m 
which leads to the result 
el ia : , Gil t 
D, are Gide a Y rarse by nee 
and thence finally to 
ee (m+pt+1)(m+p+2) ....(m+pt+n—-1) mm | 
i (p+1)! (p+2)! (p+n—H! (ptm)! 
(v—1)! (n—2)! 00 1! 


As a corollary, obtained by putting p = 0, it is noted that the per- 
symmetric recurrent used as a basis for construction on starting is 
equal to 


m(m+1)....(m+n—1)/n!, te. (m+n—-1),, 
the four-line case beg 

it, =) | 

Me M Lo. | _ m(m+1)(m+2)(m+3) 


Ms, M m, 1 1-2-3-4 ; 


| 

i} 

| 

| 

M, M, M, M, | 
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We may note for ourselves in passing that the two corollaries, 
which D’Ovidio says he received from Trudi, are very readily 
obtained by using the multiplication-theorem, the multipliers for 
the 4"" order being 


I 


il 


1 
1 sr wie a 1 —m, (m+1), —(m+2), 
il 1 
1 Bar a 1 —m, (nv+1), 
1 
1 ay: 1 THs 
dais ‘ : ; 1 
respectively, and the products 
a 1 ; | 1 : 
lve ¥- 1 ; 
: : ro ond 1 
i hee | eae | 
ie sie Ti —(m+3), (m+2), —(m+1), m, 
by reason of the vanishing of the (r-+-1)-termed expressions 
1 1 i! 1 i 
Fie = 1) 1 oy ol 
Diu — Mg gM, 4 Nin (Wt -1), — ss 
respectively. 
TRUDI, N. (1864). 
[Intorno ad un determinante pit. generale... . Rendic. dell’ 


(Napoli), pp. 121-134; or Giornale di Mat., ii. 
pp. 152-158, 180-186. ] 
The second part of Trudi’s paper concerns the relations between 
the ordinary combination-functions La, LaB, ZaBy, . .. . and the 
aleph functions of the same variables. Writing the expression 


(~—a) (x— 8) (e—y) (x— 0) 


| a? B'y?6%at | 
| a°Bly?6? | 2 


in the form 
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and treating the first four columns of the numerator in the manner 
set forth in the earlier part of his paper, he obtains 


Ly: 1 
XS; 1 x 
NeeN gle ee at — Ya-2?+ LaB-w—...., 


whence are got, by equating coefficients, the determinant expres- 
sions for Sa, SaB, . . . . in terms of the alephs. The two other 
modes of expressing the same relations follow in the way one would 
expect. 


HANKEL, H. (1865). 


[Darstellung symmetrischer Functionen durch die Potenzsummen. 
Crelle’s Journ., xvii. pp. 90-94. ] 


Hankel’s theorem may be put in the form 


a ot teed 1 e 
Sa ae ane xi, = De (An) ca aay) (A,,); 


where A, =| & 1 : 
Sa+p Sp 2 
Satpty Spiy 8, 3 
Satpt+...t+v Sptyt.. te Syt.. +» S84. 2p See 8, 


and the items comprised in ©’(A,) are obtained by permutation of 
a, B,y,.-.., v, and those comprised in ©”(A,) by permutation 
of all except ». For example, 


a+Bp 8p 2 


Sat+pt+y Sp+y Sy | 
1 uy 
ia 2! (Sa8p8y+28a48+y —Sa+pSy — 28p+ySa) 


» 
f | 8,8p8y + 2848+ Sa+pSy aren 
1 © 2 
211 +-8p8a8y+28p40+y— Sp+aSy — 28a+y8~ 


= 8a8p5y+28.48+y— Sa+p%y— 88+ y%a— SatySs, 
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: 1 ‘ 
a, Boy 9 
and etna = 31 (Sa8pSy +28.46+y Sa+pSy 2884 Sa) 


Eee Leesan co eonveerd 
3! —4 (864480 +8p+a8y + 840i) 
= 88g8,+.... , as before. 


The mode of proof is the gradational, the step being from one value 
of n to the next higher. 


SIACCI, F. (1865). 


[Sull’ uso dei determinanti per rappresentare la somma delle potenze 
intere dei numeri naturali. Annali di Mat., vii. pp. 19-24.] 


Beginning with the determinant 


geal : 

Zoi 2 

ee ml 3 3 ete ; , 

a 1 4 Guaes oe: » or R(z) say, 
| aa (T) (7), Bee 4 Cee (Trex 
MeL (rl), (74:1), .u « + (r+1),-5 (r+1)-a 


Siacci performs the operation 
col, +col,+zcol,+27col,+... .+2col,,,, 
and obtains at once 
R(z) = R(z+1) — (74+1)!2’, 
whence R(z+1) = R(z+2) — (r+1)!(z+1)’, 
R(z+n) = R(z+n-+1) — (r4+1)! (24+), 

and, therefore, by addition and substitution of 0 for z, 

R(m+1) = (r+1)!("-+2"+ .. . +1’) 
as desired. 

Siacci, however, goes on to point out that by performing on R(z) 


the operation 
col, +col,—z cols+2?col,—z’col;+ ... . 
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there is obtained 
R(—z) = R(—2z+1) + (—1)"(r +)! 2, 
and thence, in the same way as before, 
(—1)'R(—n) = (r+1)! (17+ 2°+ . . . +1’). 


He thus has two expressions for 1”+2”"+ . . . +n’, namely, 
R(n-+1) _R(—n) 
Gli A ane 


and the curious deduction 
R(n+1) = (—1)'R(—2), 
which it is interesting to verify by taking the ordinary expression 
for the sum of the 3" or 4" powers.: 
The rest of the paper is occupied with deducing from R(n) the 


well-known non-determinant form of expression involving Bernoulli's 
numbers, these last appearing as persymmetric recurrents, namely, 


B, = (—1)"*!- (2m)! 5 i 
1 1 
spot 
1 1 1 
il Steaua 


SALMON, G. (1866). 


[Lessons Introductory to the Modern Higher Algebra, 2" edition. 
viii+296 pp. Dublin.] 

A table is given (pp. 285-292) of the simple symmetric functions 
of a, 8, y, . . . . from the 1* degree to the 10 inclusive in terms 
of Xa, LaB, VaBy, . . . , the results being taken from Cayley’s 
memoir of 1856 and checked with Meyer Hirsch’s table of 1804. 

The connection of such a table with recurrents has more than 
once appeared (see above, p. 210,.. . ): it should be recalled, 
however, that a no less close connection exists with alternants. 
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WOLSTENHOLME, J. (1867). 
[A Boox or Mataematican Propuems,.... 344 pp. London 
and Cambridge. | 
Problem 922 concerns the determinant whose first row is 
Pata F4) 4 2,(L—7,)eeo. , 2, ty-.  o 
and whose (r+1)'* row is in every case got from the 7‘ by 


differentiating with respect to 2. The value of the determi- 
nant is readily seen to be 1. 


SARDI, C. (1867). 
[Nota sui numeri primi. Giornale di Mat., v. pp. 371-376.] 
Defining £,,,, by the identical equation 
(w--1)(w-+4-2) . . . (a@-+n) = a +h, +h Ot. 
Sardi establishes the relations 
k,a—(n+1), = 0, 
2hn2—(M)knr—(N +1); = il 
Bhi: —(N Moh a—(M) ohn —(N-F1), = 0, | 


and thence obtains | 


(n+1), —1 ; 
(n+1), (Mm). —2 
ees Li@t+), (3 (n—1), 

SE OS CO a te Imre CES go ae ol MR i a a a 
(N+1)p — (M)p-1 (H—1)p-2 -- - (n—p+3), —(p—]) 
(M+1)p+i (Mp  (M—1)p-1 -.- (n—p+3), (n—p+2), 
from which his results regarding primes are deduced. 

It must be noted, however, that almost a century earlier the said 

set of relations was ready to hand for the construction of a recurrent, 


having been reached by Lagrange in 1771.* 


. 


*Laaranes, J. L. Démonstration d’un théoréme nouveau concernant les 
nombres premiers. Nouv. Mém.... Acad. des Sci. (Berlin), An. 1771, p. 125; 


or Guvres completes, iii. pp. 422-438. 
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DIETRICH, M. (1868). 


[Ueber den Zusammenhang gewisser Determinanten mit Bruch- 
functionen. Crelle’s Journ., lxix. pp. 190-196. ] 


Viewing 1/(1+a,v-+a,27+ ....) as the generating function of 
the persymmetric recurrent 
ae 
a 1 
By U-1 ay—2 se (sues ay 19 


Dietrich seeks the generating functions of two recurrents A, and B,, 
which differ from this in having b’s in place of a’s in certain columns, 
namely, A, in the even-numbered columns and B,, in the odd- 
numbered columns. From an expansion of A, and B,, it readily 
follows that 
A, —@ By) +a.An_»—@;Bn_3+ Pate ae. U, 
Br—b,An_1+6.By_.—b,An3+ Puss ae 0; 
so that on putting 
a(x) = lt+aataa?+..., 
b(z) = 14 ba+ be?+ ..., 
and A(x) = 1—B,v+A,v?—B,v?+ ..., 
B(x) = 1—A,7+B,z?—A,23+ .. . , 


he obtains 
a(x) + A(x) = 1—(B,—a,)- a + O-a—..., 
b(x)- A(x) = 1+ O-a + (A,—b,B,+06,)a7? ++ ..., 
a(a) > B(x) = 1+ O-a + (Bp—a,Ay+d9)a? +... , 
b(x) - B(x) = 1—(A,—),) -@ + Og? =i sare 


and consequently 
a(x) + A(x) + a(—a) - A(—a) = 2, ) 
b(a) + A(z) — b(—a) - A(—a) = 0, J 
a(x) + B(x) — a(—z) - B(—z) = 0, 
b(a) - B(x) + 6(—2) - B(—2) = 3 | 
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whence + 2b(—zx) 
A) = Ga) b(— a) Fa(—a) Ba)’ 
Bale 2a(—z) 


a(x) + b(—a)-+-a(—2) - b(a)’ 
In like manner he next finds the three generating functions of three 
similarly related recurrents, and so generally. 


POLIGNAC, PRINCE C. DE (1868). 
[On a problem in combinations. Proceed. London Math. Soc., 
il. pp. 69-74.] 
The problem is to find the number of combinations of r things 
taken from the 2p+4q things 
Mena ete. Og Ugo Oss <r. a Ory Cy aCe roe Se Cas 
subject to the condition that no 6 can be taken along with the corre- 
sponding a. The section (§ ii.) of the paper in which recurrents 
are used is not only of little interest for the student of determinants, 
but is quite superfluous in view of the satisfactory solution obtained 
in the preceding section (p. 71), namely, 
Cao GC. et fee Oy Cae at Cas 
which (p. 74) is the coefficient of x” in the expansion of 
(1+2)?(1-+2)?. 


SARDI, C. (1869). 
[Sulle somme dei divisori dei numeri. (tornale di Mat., vii. 
pp. 112-116.] 
[Su talune serie, ed applicazione all’ aritmetica. Giornale di Mat., 
vii. pp. 257-312. ] 
The expression obtained in the first of these papers for the sum 
of the divisors of any integer 7 is 


ted rdsAr «1 | 
DAs eAgeal 
SAgabA: cal eerl | 
AA AS LAD IBAY 
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where Ajn(p+1) = (—1)”(2p+1), and the other A’s vanish. Another 
is given ‘in the second paper, which contains in addition a number 
of other recurrents connected with the Theory of Integers. 


EUGENIO, V. (1870). 


[Considerazioni intorno a taluni determinanti particolari. Giornale 
di Mat., vii. pp. 285-290. ] 
The determinant 


Paes ee 

| 27, aw I 

| 

| 3%, % % 1 .... |; or N say, 
| 


4%, Us Ly UY 
we are already familiar with, knowing that it equals 
a®+B™+y"+..., 

when @, ="Da, % = 2a8, v3 = DaBy, -. .> (Hist; 0. p.21)). 
Eugenio considers two other special cases, obtaining 

N = (—1)""(a"-++0"), when zz, = (a"t!—b"*')/(a—b), 

N= (—1)*=a, when 2, = (a+r—1),; 
and thence making deductions regarding the roots of certain special 
equations. 


HESS, E. (1872). 


[Zur Theorie der Vertauschung der unabhiangigen Variabeln. 
Zeitschrift f. Math. u. Phys., xvii. pp. 1-12.] 


The subject here is essentially the same as that of Bruno’s paper 
of 1855 (Hist., 11. p. 214), namely, the successive differentiation of a 
function of a function. The aims, however, of the writers are 
different. Bruno expresses the successive differential-coefficients 
of @{y(«x)} with respect to x in the form of determinants in which 
appear successive differential-coefficients of yy with respect to x 
and successive differential-coeflicients of ¢ with respect toy. Hess, 
on the other hand, expresses the last of these sets of differential- 
coefficients in terms of the first two sets. For example, denoting 
the three sets by 


F,, F,, F;, ees VA, Vo, Ws, aes amet 1; 2, Ps, 5 ers 
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respectively, we have from him 


1 ‘| 
Ps or ys ayy. F, |, Mm sy By, : F, |, 
TT ly vy OF, 1) 8b 2Yy F, 
Qh, By, F, Bhs By, vi Fs 


By, 8, bY F, 


where the coefficients of the v/’s in the diagonal decrease by 1, and 
the coefficients of any other vy, say that in the (r, s) place, is the 
sum of the coefficients in the places (r—1, s—1) and (r—1, s). 


SIACCI, F. (1872). 

[Quistione 10. Giornale di Mat., x. p. 360; or Annali di Mat., 
(2) v. p. 304. Solution by F. Tirelli in Giornale di Mat., xii. 
pp. 75-78. ] 

The determinants occurring here are two n-line variants of 

Spottiswoode’s recurrent 


On ; ? Sd a Mee S ae 


An : , et ree x 


for ajx"+a"1+....+4,, or F(x) say, the one variant P 
being got from this by the initial operation 


1 
col, ava col, 
and being equal to F(x)/a), and the other Q by the initial operation 
x 
col, a os col, 


and being equal to F(z) /a, after a change of sign of all the elements. 
Denoting the complementary minor of the (r,s)'" element in the 
one by P,,, and in the other by Q,.,, Siacci affirms (1) that 


AP, 8 +a,,Q,, i= F(a) or 0 
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according as r and s are equal or unequal: and (2) that if each 
element of P be increased by y times the corresponding element of 
Q, the resulting determinant, R say, is equal to F(a) - F(y)/ao4n- 

The former proposition the solver finds the more troublesome to 
prove: the latter he establishes by noting that R is symmetric 
with respect to x and y, and by performing on it the operation which 
evaluates P and Q, namely, 


TOW, +L LOWn-y+2*TOWn 2+ --- - 


He does not, however, seem to observe that R can also be obtained 
by multiplying Q,,-, by P in row-by-column fashion, 


GAMBARDELLI, F. (1873). 


[Sui coefficienti delle facolt& analitiche, iv. Appendice. Sullo 
svilippo delle funzioni isobariche. Giornale di Mat., xi. 
pp. 86-89. ] 


Gambardelli’s appendix, with its elementary account of isobaric 
functions and its illustrative examples, resembles Bruno’s paper of 
1856. It is his fifth example that explicitly concerns us, this being 
Brioschi’s of 1858. He might, however, with equal appropriateness 
and merely by equating two known expressions (Waring’s and 
Brioschi’s) have given us as his second example 


a, | 
2d. a 1 ees Fig} 
PW Me) 
Does yar) See ee ote y(H*. (e—D!. As Se 
Oy liege, he Crue 


4d, Ag A 
n 


and with no great additional trouble (see Glaisher 1879, infra) 


2d, ah —2 | : 
a? a? a” 
3 ! { 
4a, 3a, 2a, a, RR 
n 


as his third example. In this way inquiry might have been suggested 
as to the existence of a relation between isobaric functions and a 
certain form of recurrent. 
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BRUNO,. F. FAA DI (1873). 


[Sur les fonctions symétriques. Comptes Rendus.... Acad. des 
Sez. (Paris), lxxvi. pp. 163-168. ] 

Bruno here compensates for the above-mentioned inaccuracies 
in his Théorie de Elimination by suggesting an improvement in 
the tabulation of the symmetric functions and by reprinting as 
illustrations the first eight tables. Table VI. appears as follows : 


| 2 2 | 3 3 22 | 4 
a Gs, | As, | As 4A,” | AgMg0,| AA, Gy? | AoA? | Aga ay 
| 


OCn |G 6 6 3 -—6 -12 6 =} 9 -6 1 


za°B = 6 =1 -6 -3 1 7 sail 2 —4 1 


Pare ps = 


Zaipy = 


Za3 Bey = 


Da*Byd = 


52 a?B?2 = 


2076775 = 


Da?Byde = 


ZaByoes = 


It differs from Cayley’s in having Cayley’s 4 and 5 columns 
interchanged, and also the 7'" and 8” rows, thus exhibiting perfect 
axisymmetry and ensuring that in every case a partition and its 
conjugate shall be equidistant from the middle of the series: for 


example, 
‘ Lea ricl eet 


1 Li 
1 
Le 
z.e. 442 and 2+2-+41-++1, 
in the third place from the beginning and the third place from the 
end respectively. 
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GUNTHER, 8. (1873, 1876). 
[Darstellung der Naherungswerthe von Kettenbriichen in inde- 
pendenter Form (pp. 41-46). iv+129 pp. Erlangen. ] 


[Ueber aufsteigende Kettenbriiche. Zeitschrift f. Math. wu. Phys., 
xxl. pp. 178-191.] 


Giinther points out that the numerator of the single fraction 


Gybob,... Dy + Ggdad, Oy + Osby... Oy + + Any + Gy 
DU ot Ue , 
which is the equivalent of the so-called ‘ascending’ continued 
fraction a 
ee ye 
Ni uC 
dy + - at 
a, + x 3 
b, : dial in 
or of 
a Qe at. Ly 
By iati bc bac by Beh aie cata eee 
is expressible as a determinant, namely, 
a, —l 
a, 6b, —l 
Qs b, —l 
Geis 33 Vi ie ee oe een 
Dy b 


the form of which recalls Allegret’s of 1857. He also transforms 
a multiple of this into a continuant by performing the operations 

Onna TOW, — Gy *TOWx 1, 
Gy-2 *TOW,-; — My_1* TOW, 2; 
and thus shows that the given continued fraction is equal to the 
“ descending ’ continued fraction 
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a result previously reached by Schlémilch * through the form 


Qe 


ay 
a a es 


STUDNICKA, F. J. (1874). 


[Ueber die independente Darstellung der n-ten Derivation von 
gebrochenen Functionen einer Veranderlichen. Sitzungsb. . . . 
bohm. Ges. d. Wiss. (Prag.), Jahrg. 1874, pp. 1-2.] 


The expression obtained for the n‘* derivative of u/v is not 
essentially different from Spottiswoode’s of 1853, but is much less 
simple, being in fact Spottiswoode’s expression for the (n—1)* 
derivative of (vu’ —wv’) /v?. 


WEIHRAUCH, K. (1874). 


[Zur Determmantenlehre. Zevtschrift f. Math. u. Phys., xix. pp. 
354-360. ] 


When dealing with the number of terms in the final expansion of 
a zero-axial determinant (see below in chap. xxi.), Weihrauch 
proves in two ways (pp. 357-358) that 


(m), 1 
(m), (m—1), 1 

ee = telheey, fe so oral ne 
(m),-1 (mM—1),-2 (m—2),-3 (M—3)n-a - + - 1 

(m), (m—1),-1 (m—2),,-2 (m—3),-3 si et is (m—n-+1), 


His initial form of expression for the said number of terms is also 
a recurrent. 
We may note in passing that Weihrauch’s result is readily 


* See Zeitschrift f. Math. u. Phys., iii. (1858), Literaturz., pp. 63-64; and for the 
subject generally Giinther’s Vermischte Untersuchungen zur Geschichte d. math. 
Wiss. (1876), pp. 93-135. 
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established by using the multiplication-theorem, the multiplier and 
product being, in the case of the 4" order, 


1 —(m), (mp, (7), ie ees 
ly —(n—1), 2 (ed) l 
1 —(m—2), : 1 


1 |, | —(m), (m—1), —(m—2), (m—3), |, 
respectively. 


NAGELSBACH, H. (1874).. 


[Zur independenten Darstellung der Bernoullischen Zahlen. Zeit- 
schrift f. Math. u. Phys., xix. pp. 219-233.] 
From recurrence-formulae Nagelsbach deduces four different 
ways of expressing a Bernoulli number by means of a determinant. 
The two simplest of the results are 


} , l 
B,=|1 3 Gay yc emai e 
2 ese ie Aa en ly Mer ih a 
DBD. 5, ee ieee ere 
371, Lela heme 
AO ae Oe hs 
and i 
Qn-1 
Be = il 31 . . x 6 @ (2n+1)! 
Lor) bee eae 
| he (eer 
ed yt RE 
where 7, stands for r(r—1) . . . (r—s-+1)/s!. 


HAMMOND, J. (1875). 


[On the relation between Bernoulli's numbers and the binomial 
coefficients. Proceed. London Math. Soc., vii. pp. 9-14.] 


Hammond’s fundamental result is 


\r(a) _ ww 2 
Fae a) 


NARS 
rey & 


the 
Mains 


, 
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where the values of v(x), y/'(x),... when a = 0, are denoted by 
wv, w,.... It is an immediate consequence of Spottiswoode’s of 
1853 (Hst., ii. p. 210) in regard to the n* differential-quotient of 
vy (x)+ (x). From consideration of the four special cases 

(@) v@)=2, g(a) = 1, 

(6) fz) =e—1,) g(a) = & +41, 

(c) W(z)=sing, ¢(z) = cosa, 

(d) W(z) = a, (x) = sing, 
he obtains four expressions for the n‘* Bernoulli’s number B,, 
namely, 


(—1)""! 1 
i ee ae. =. Lee 
2n+1)! 2291) -2n-(n—1)! oe 
SMEs 3.che) |: oe Le erent 
Lea e t6 a 4bhes LO: 20 SG=r a 
2 Bons 5 
ae ee a anes ae Sap pars 
B= (21) i es 2n-+ 1)! (27-11 as 
( ) LEiss he 1” ae ne 4 Crear ik ) 10" 55 
Lop lO neal eiave & 
uf . . . . 


Boao nee 
Ye 4 ee a | 


He also considers the case where W(x) = 1 and ¢(x) = cosz, and 
obtains for the n'* Eulerian number E,, the expression 


ites 

Li Omer ly). 
US iin aha 9 
P28 109 28 


It is important to note, however, that all these are with equal 
appropriateness viewable as cases of Faure’s expression of 1855 
for the quotient of two power-series, 


ym—1 

ge +-1,a0m—-1 4... Os ty oy atts yi b 
h pnt b apn-l b a 6,2 i “1 
gt" 0,471... 0 0 


nm? 
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GLAISHER, J. W. L. (1876). 


[Expressions for Laplace’s coefficients, Bernoullian and Eulerian 
numbers, etc., as determinants. Messenger of Math., vi. pp. 
49-63. ] 

This paper seems consequent on Hammond’s, and implicitly 
recognises the fact that such a general result as Hammond's or 
Faure’s enables any one to multiply instances at will. Thus, from 
consideration of the quotient x/(e’—1) Glaisher obtains Siacci’s 
expression for the n‘" Bernoulli number with the concomitant result, 


| 


g 

‘ 

3a} ==; 
‘ee Le 


also, by partitioning the original set of equations into two, he 
obtains from the one Scherk’s implied result (Hist., 1. p. 479), 


B, = 4-(2n)!| 5 1 
Enea 
Bt at 
54 bloeel 
Ti Sues! 
ir ahh 
hr Tool 
and from the other - 
B, = 2"-(2n)!| 5 1 
2 1 
6! 4+! : 
Sasa | 
Sioa 
Rea eas! 
10 Seo 
. 
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Similarly, having reached Hammond’s first recurrent with the 
concomitant result, 


Lae 
Los = 0, 
1324726. 4. 
2n—1 
he obtains, by the like partitionment, 
1 
4 om coc) rn sare ye 1 
(2n-+-1) eae 
LED 21020 
Tee ees) 
n+1 
and 
B Lela ero 
7 Qn+2)! a ae 
Gner?) 14 62s | 
ae Gans | 
1 8 28 70 | 
= be 
To these expressions for B, have also to be added 
(2n)! 1 ee Qn)!} 1, 
9?n-1(Q2n _]) | 3! 92n-1 | 3) 
Qe el Zap l 
Bi a? leas 
Dell a et i 
7! 4! 2! 7) 51-3) 
le oa BRAY? oo Esedih 


the one originating in the quotient tan x/x and the other in z/tan a. 
The latter, however, is readily obtained from Niagelsbach’s first 
expression of 1874 by dividing the rows in order by 3!, 5!, 7!, .... 
and multiplying the columns in order by 0!, 2!, 4!,.... We may 
note also that a like process of transformation applied to the other 
expression given under Nagelsbach leads to 
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Bae ees |Qn-1 - (2n—1):! 
n Sie, 

fet 1 

at 4! 2! 

[Pelee ie! 

Fie Ore aot 

fie bd by Hh 

9! 8! 6! 4! 


The other quotients considered are 
L/eosz, a/log(1-+a), le, 1/(1—2ha+h)?, 
the first leading to Scherk’s implied result, 


E, = (2n)!|= 1 
ba 
Feet 
Pale oyees 
i lgel get 
161 4! 2! 


n> 


the second to 


| a(a—1l)...(w—n+1)dz = n} 


—" 


Hele Ol Dole 


Wie bl = 
_ 


the third to Trudi’s of 1862, and the fourth to 
it ire 
ap AL 
4(x?—1) fee OM 
ole Rs tr ees i al 
4°3(a?—1)? xt 43 62? 4¢ 


“n+l 
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as an expression for the so-called n‘ ‘ Laplace’s ’ coefficient, that 
is to say, for the coefficient of h” in the expansion of the quotient 
in question. 

In a different and less satisfactory way the result, usually attri- 
buted * to Janni, 


Ay — NA, + n(n—l)ag—... =| a 1 . 
Grantee sae 
PS eae al 
LE aN Memes es Boone | 
n+l 


is obtained, the left-hand member of which becomes 
(l~a)", (—1)"Aro™, 
when for a, we substitute 
a, rm 
respectively. 
Lastly, by differentiating expe’ and its equivalent power-series, 
in which the coefficient of x” is e'+40"/n!, a set of equations is reached 


giving 


40? =| 1 — : 
1 1 —2 
= il 1 —3 
. = i 1 —4 
i HH 1? 


Hammond being the only previous writer referred to, and 
Faure’s general result being in substance arrived at, it might 
have been well to indicate the relationship that is established 


by merely substituting 
tay’ sap" +..., ptap'+ha7g"+..., 
for the former's W(@), $(@). 


* See below in chap. xx. under Janni (1876). 
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BRUNO, F. FAA DI (1876): GLAISHER, J. W. L. (1876). 


[Tutor DES ForMEs BryarrEs (§§ 89, 90). xvi+320 pp. Turin. | 
[On certain determinants. Report... British Assoc., xlvi. (Glasgow), 
pp. 13-14.] 


To the tables of symmetric functions previously noted by us 
may now be added the table of ‘ weight eleven,’ giving the fifty-six 


functions Da, Da, Da®B?, Ta®By,.... in terms of La, Lu, 
YaSy,.... This Bruno reprints from a paper of his of the pre- 
ceding year (Nachrichten ... Ges. d. Wiss. (Gottingen), 1875, 
pp. 390-393). 


In regard to the other paper, it is enough to say that the recur- 
rents appearing in it are connected with the Theory of Integers and 
resemble those of Sardi (1869). 


LUCAS, E. (1876, 1877). 


[Théorie nouvelle des nombres de Bernoulli et d’Euler. Comptes 
Rendus.... Acad. des Sci. (Paris), lxxxiii. pp. 539-541; 
in full in Annale di Mat., viii. pp. 56-79. ] 

[Sur les rapports qui existent entre le triangle arithmétique de 
Pascal et les nombres de Bernoulli. Nouv. Annales de Math., 
xv. pp. 497-499. ] 

[Sur les sommes des puissances semblables des nombres entiers. 

Nouv. Annales de Math., xvi. pp. 18-26. ] 


Lucas’ main purpose is to point out a fecund source of recurrence- 
formulae for the sum 8, of the 7" powers of the first » integers. 
Having shown that by putting n, n—1, n—2,..., 1 for m in the 
identity 

(n+1)"—n" = (r)n""+(r)yn7?P +... =. 
and adding there is obtained 
(n+1)"—1 = (r),8,,+(7).S,.+.. . = (8+1)j—S,, say, 


and thence Siacci’s recurrent for (r+-1)!8,, followed by a recurrent 
for the n‘" Bernoulli’s number, he proceeds to say that instead of 
(n+1)"—n” we might take 


F(ntl)—f(n) = qn’+an"+.. . +a4,, 
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and thence obtain 


f(m+1)—f(1) = a8,+4,8,,+.. . +a,8. 
As a matter of fact, however, the forms of f(n) which he finds useful 
are not very varied, being, in addition to n’, 
(n—4)", n(n+1)...(n+r—1), 
the second of which leads to the recurrence-formula 
(2n-+1)"—1 = (28+1)j —(2S—1)}, 


(n—1)’, 


and thence to 


2 ele Bone. al. (27--1)5,, 
Sele «| Qnt1)) 1 ; 

(2n+1)8 1 (3), ; 

(2n+1)® 1 (5). (5), 

(Qn 1) aie (271), ee Orla aly ee (2h) SL, 
(Qn4+1)"*" 1 (Qr+1), (2r+1), 2... (27+1)ere 

Since with Lucas the Bernoulli numbers, 8,, 8,, 8,,.... are 
Oe eon D0 a, On ey, 0) so aly 


our B, being thus equal to (—1)’"6,,, he is enabled to write 
Bernoulli’s relation in the form 


r(S,.,—n') = (8+n)j|—B,, 
and thus obtain such recurrence-formulae as 
ae Oa) et) ee 


STUDNICKA, F. J. (1877). 


[Ueber die independente Darstellung der n-ten Derivation einer 
Potenz, deren Basis und Exponent verschiedene Funktionen 
einer Variablen bilden. 


pp. 368-373. ] 


Sitzungsb. ... Ges. d. Wiss. (Prag), 


[Weitere Beitrige zur Differentialrechnung. Sttzungsb. .. . Ges. 
d. Wiss. (Prag), pp. 393-399. ] 


In the first of these papers the n differential-quotient of w" is 


obtained in the form 


wf; 


r+1° 
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where 
A,=|¢ =I : emyh. 1M 
~ p —1 uC 
ep” 26 od 
gp” (n—1), 9" (n—1),9% ..-- ¢ 


and ¢ = vlogu. 
The second paper is occupied with special cases of the corre- 
sponding expression for the n'” differential-quotient of w/v. 


PELNAR, M. (1877): STUDNICKA, F. J. (1878) : 
MORENO, G. (1878). 
[O souctu m-ty¥ch mocnin ¢isel tady prirozené. Casopis pro pésto- 
vant math. a fys., Vi. pp. 279-280. ] 
[Ueber eine neue Formel der Combinatorik. Zitzwngsb. . . . Ges. 
d. Wiss. (Prag), pp. 295-298. ] 


[Dimostrazione di un teorema di Eisenstein (Nota *). Gvornale 
di Mat., xvi. pp. 175-176 ; or Nouv. Corresp. Math., iv. p. 334; 
vi. pp. 79-81.] 


The result of the first paper is Siacci’s of 1865; that of the second 
paper is Sardi’s of 1867; and that of the third is Weihrauch’s of 
1874. 


WOLSTENHOLME, J. (1878). 
[MATHEMATICAL PROBLEMS.... 2" edition. x+480 pp. London.] 


Two fresh results are given. The first is 


‘one I 
ae aie 
elite Fee 
I eh aie ol — Uni—"n 7 
a—3 
LSC 
they 
Oo higy 
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The value is also stated to be 


{(p™?—p™—p)—(qr*2_g*1_9)| = (p—q)(p+q—2), 


where p, q are the roots of the equation x?—(a—1)z+1 = 0, and 
to be 
f 


ey , 8in(7+1)0+sin (+2) 6 


sin @ 
where 2cos@ = 1—u. 


_ Next, the value of the n-line persymmetric recurrent, whose 
repeating elements in the successive diagonals are 


| Sr Rage caret regs ten Ue Re Lea 


respectively, is given equal to 


gratis? ae - as last 
I’(%) — f’(2) F(a) 
where) j (a) = 2’ —a,7 *+a,¢°"— 01. and 2; Bsc es = 4 Dr 


are the roots of the equation f(z) = 0. It is also noted that 
when each «a becomes 1, the determinant vanishes, save when 


n=O or 1 (mod 7), 


the value then being (—1) or Gt aa! respectively. The former 
statement recalls Brioschi’s general result of 1855 (Hvst., ii. pp. 
212,...), the determinant being equal to the n‘" aleph function 
of 4%,..., %. The latter cannot be right; for, if U,,, stands for 
the n-line persymmetric recurrent with r consecutive units in its 
first column, it is clear that 

Ue =i sands Ue = 0s whenwierd | 


the vanishing being due to the identity of the last two rows. Also, 
we have 
Ue = et On ens oa py ye Or, vs (— 1), 
Le eee Wie eam ee 1) ema Lent 
Una ae Ca Uaenst ae a (— 13 Ue. 
= Ujja-t Uae if n>4, 
= (—1)"2—(—1)*? = 0, if n>4. 


U,1= 1. 
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JANNI, V. (1878). 
[Sopra una formola di Waring. Rendic.... Accad. delle Sci.... 
(Napoli), Anno xvii. pp. 27-31.] 

The determinant form (Hist., ii. p. 211) for s, in terms of the 

coefiicients of the equation 
"+a," +ac""+ ... +a, = 0 

is taken, and expanded in terms of the elements of the first column 
and their complementary minors, the result being written 


(—1)’s, = a,D,_,—2a,D,_. +3a,D,3— . 


He then expands the D’s as Trudi did in 1862; and making sub- 
stitution for them deduces Waring’s formula, as Trudi also did. 
Another contribution is noted in chap. xx., under Janni, 1876. 


GLAISHER, J. W. L. (1878). 
[On a class of determinants. Messenger of Math., vi. pp. 160-165.] 


The results here given by Glaisher are fairly evident consequences 
of Faure’s proposition of 1855, namely, that if 


14b0+bo?+ ..._ 
engeaiow are. 1—P,v7+P.v?—Pyv8+ 2... 
then eg ae ee Oe | 


yy By i Lick ot -setd ee 
a,—b, a, a 1 | 


x 


First he says that if 
(Itae+ae+ ..)t= 1-Aw+Aw—Agwt ..., 
it follows that A, is the same function of the a’s as a, is of the A’s, 
and that if in addition 
(1+0,7+6,.27+ .. .) = 1—-B +B ?—B +... , 
then we have 
a—bh, 1. . ... (= ¢—T) RB HAP 
nel oe jee Bates: 
az—bz A, a, 1 | B,—A, B, B, 1 


ln . . . . . . s 
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| @—b 1 . . oe e = a,—b 1 
| ibe a dU bla oe 8 | A3—bay dg—ba, a,—b 1 
| 1 eM SM Ca eae De es 


and other identities of like character. 


GLAISHER, J. W. L. (1879). 


[On a class of determinants, with a note on partitions. Messenger of 
Math., viii. pp. 158-167. ] 
The differential-quotient of log(1+a,z+a,272+....) being the 
quotient of two power-series, Glaisher obtains with the help of 
Faure’s result 


Ey a alee 2 2... i==coelicienteot.7?:in 


n 

ps ag ae log (Ll +ax+az?+...), 
343 Gd a I 
AG {Gath Gs 4 Oy 


and in similar fashion 


—| a, —l 3 . .... | = Coefficient of x” in 
Bh At ieee CXP (40+ A9r7+ . . .). 


n 


If we call the former coefficient b,, we have 
exp (b.7+6.2?+...)=1l+ae+tagn?+..., 


and therefore 


244 HISTORY OF THE THEORY OF DETERMINANTS 


By putting n for a, in the first result and noting that the function 
expanded in powers of « is then 
—log (l—x)—log (1—a?) + log (1 +27), 
it is found that 
12 
E 


‘ 


Dee 


= 0, 1, —3, 4, —3, 1 


be ee 
—_ es 


42 


(ot Siar. aa ees 


eo 


when to the modulus 6 

n= 0, 1, 2, 3, 4, 5. 
Similarly, by putting n+1 for a, and noting that the function is 
then —2 log (1—z), it follows that 
1 ree 2 oar ic 
(3), 
(4), 
(5)3 


Dn  ) 
oo bo = 


and by putting (n-+-1)* for a,, the function then being 
log {(1 +a)/(1—a)}, 


we have 
18 12 
D8 eae LS ese 
83..98) 98 7a =e ted {—4 when n is even, 
ids 48 98 8 ee | 2 when n is odd. 


The note on partitions is of still smaller interest from the point 
of view of determinants, and closes with a caution, that might 
have been amplified, against using any of the recurrents of the paper 
for the practical purpose of finding the coefficients of the logarithmic 
expressions in question. The caution, indeed, also applies to his 
papers of 1876 and 1878, the three being considered by him as one 
and the paragraphs numbered accordingly. 
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STUDNICKA, F. J. (1879). 


‘[Notiz iiber einige Determinanten, in welchen Binomialcoefficienten 
als Elemente auftreten. Sitzwngsb. . . . Ges. d. Wiss. (Prag), 
pp. 292-295. ] 


One of the results is Trudi’s (see above under d’Ovidio), and the 
other is 


(mm), “{m), 1 : ore 
(m)s (m). (m), 1 peach (ba (M4 2), 4 
(m), (m)s (my (my ....) | (m+n (m+n—1), |, 


ere . . . . . . . . . . n 


where the given persymmetric determinant is not itself a recurrent 
but a primary minor of such a determinant, and a simple case of 
Zeipel’s third form of 1865 (see chap. xx.). 

Tt is difficult, however, to see why Studnitka did not proceed 
with his evaluation. Performing on his two-line determinant the 
operations 

col,—col,, row,—row,, 
we obtain 
(m+n—2), (m+n—2)y4 
(m+N—2)nir (M+N—2)q |, 
and using on this the identity (h), = h!/k!(h—k)! we readily reach 


m+n—1 


TANNER, H. W. L. (1879). 
[Question 6040. Hduc. Times, xxxii. p. 243; Math. from Educ. 
Times, xxxvi. p. 83.] 
Tanner’s result,—in a less awkward form than his,—is 
(by (b)” 
(2b)""* (2b) (2b)2” be | 
(Sb)U (8b) P= (Sb) ee (8b a A | 
(nb) (nby? (nb)? (nb? «2... (bye 
Sa) eb esl il Sian 
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where 
b"/@ = b(b—a)(b—2a). . . (6—n—1- a). 


To the element in the (n, 1) place Tanner has —(nb)"” annexed, 
the right-hand member being then 0. 


CROCCHI, L. (1879). 


[Una relazione fra le funzioni simmetriche semplici e le funzioni 
simmetriche complete. Giornale di Mat., xviii. pp. 377—380.] 


The relation is Brioschi’s of 1857 connecting the s’s and alephs 
(Hist, ii. pp. 216-217). Crocchi, however, notes in addition that 


$1, S3,.. . are the same functions of the c’s as they (the s’s) are of 
the alephs, and that s:, 84,.. . are the same functions of the c’s 
aS —S,, —S4,. . . are of the alephs ; for example, 
SG: = Na, 
So] |S at = TN 
2G, =~ Cat 2X. N, 1 


3Cg Cy G 3Ns Ne N, |; 


He might readily have gone further and affirmed that 27 we have 
got the tal fas For the c’s in terms of the s’s we have only to aa 
the 1, 2, 3,. . . of the minor diagonal into —1, —2, —3,...in 


order to get the expressions for the alephs in terms of the s’s; for 
example, 


Cy = Sy, Ny — Sy, 
1 1 
Co = 2! Sy 1 | No = oI Sy —1 
Spe age Sg 8, |, 
1 1 
8g Sy 2 So Sy —2 


P, 
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and that the alephs are the same functions of the c’s as the c’s are of 
the alephs ; for example, 


Ni = G, Cy = Xj, 
No =i Ge 1 C=, 1 
Co G& |; Me Ni |, 
Nz=/|c, 1. C-z=|N, 1 
Go Creel Ny Osa 
C2) ats Ns Ne Nz |, 


As has already been pointed out, however (Hist., ii. p. 218), all 
these results are of less importance than the three sets of equations 
from which they are derived, namely, 

%3—¢, = 0 N,—¢, = 0 %—N, = 0 
Sy— SC, +26, = i No—N,C, +6, = °| Sp + SN; —2N, = 0 
They are but illustrations of the general proposition that the set 


of recurrence-formulae 
a,P,+a,Q, = | 


b,P, oe b,P,Q, = b3Qs = 0 
(P+ ¢,P,Q, +c5P,Q. +¢,Q; = 4 


gives P,. as a recurrent in terms of OF Oar. cand ast: the 

same time Q, as a recurrent in terms of P,, P,,,....; for 

example, 

=—|40, 4% . |+4,)c, Qs=— aP a . + Ab 304. 
bsQe 0.Q, by 5,P, b,P; bs 


| 
1 C4Qs C3Q. CQ, | Ps cgP, ¢gPy 


CHAPTER VIII. 
WRONSKIANS, FROM 1862 TO 1874. 


SYLVESTER, J. J. (1862). 


[Sur une classe nouvelle d’équations différentielles et . . . . Comptes 
Rendus . . . Acad. des Sci. (Paris), liv. pp. 129-132 ; or Collected 
Math. Papers, ii. pp. 308-312. ] 


Taking the persymmetric Wronskian 


| Y Hh Ye: Ys 
14% Yo Ys Ye 
| Y Ys Ys Ys 
| 


Ys Ye Ys Yel: 
where y, stands for d’y/dx", Sylvester denotes it by 
Dy, 
and of course readily finds that 


d D ! d? 
ak Y=|¥ An Yi» dx? Dy= ¥ Hh Ys | 
Y. Yo Ys | BR fees fee 
Ys Ys Ys Ys Ys Yo 
He then points out that on this account 
l 
Dy 7, (Dw) | : 
| } Oy 
| d -z i, %€ D,(D,y), 


dz (D5y) nae (D,y) 
is a minor of the adjugate of Dyy, and that therefore 
D.(Dsy) = Day - Day, 


the generalization being 


D(Dny) = Dray * Dn4tY- 
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FUCHS, L. (1865). 


[Zur Theorie der linearen Differentialgleichungen mit veranderlichen 
Coefficienten. Crelle’s Journ., Ixvi. pp. 121-160. ] 


The second section of this (pp. 126-131) deals with the Wronskian, 
but not in any fresh connection. 


ZMURKO, W. (1871). 
[Dowéd na twierdzenie Hesse’go o wyznaczniku funkcyjnym. 
Pametnik Towarzystwa Nauk Scislych w Paryzu, i. pp. 89-92. ] 


The theorem here proved and spoken of as Hesse’s is the first of 
the two theorems of Hesse’s which had been previously reached by 
Christoffel (Hist., ii. p. 228). Zmurko had already dealt with the 
subject in 1866 (see above, p. 16). 


CAYLEY, A. (1872). 


[On Wronski’s theorem. Quart. Journ. of Math., xii. pp. 221-228 ; 
or Collected Math. Papers, ix. pp. 96—-102.] 


Cayley first shows that in Wronski’s own form of development 
the “loi supréme ”’ is not more general than 


1 ee cog 


r / © 7 
iat Nat regal Ais mee reer Br Oh am RA 
ei Phe" CARY | 
AS 1 : ne scare ae 
ls Oe ee bay dig da tela aie © 
le” "(APY 
pe ma (cre) ae 
where F, 7, F’,.... stand for F(a), f(a), F(a), ..., and a is a root 


of the equation ¢(x) = 0, and therefore also of ¢(x)+A f(x) = 0. 
He then obtains, by the use of Lagrange’s theorem, the alternative 
form 


F(z) = hee fe He 1 = = Ff 
) 
J 


Du a (F(Z) + oe 
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where the conditions are the same save that (r—a)y-(x) is put for 
(a). As the first development of F(x) must be identical with the 
second, he is thus face to face with unverified evaluations of the 
Wronskians in the former of the two, and he sets himself the task 
of supplying the want. The procedure followed, however, is not 
at all attractive. 

It is impossible not to note the irony involved in Cayley’s use of 
Lagrange when we recall the object of Wronski’s Réfutation. 


FROBENIUS, G. (1873). 


[Ueber den Begriff der Irreductibilitét in der Theorie der linearen 
Differentialgleichungen. Crelle’s Journ., Ixxvi. pp. 236-270. ] 


[Ueber die Determinante mehrerer Functionen einer Variabeln. 
Crelle’s Journ., \xxvil. pp. 245-257. ] 


For the discussion of the subject of the first of these papers, the 
theorem regarding the vanishing of a Wronskian is found by 
Frobenius to be a requisite, and he consequently devotes § 1 (pp. 
238-240) to the consideration of it. It would seem that he was 
thus led to the investigation of Wronskians in general, and apart 
from their relation to differential equations, for, after a brief interval, 
the second paper, a short methodically arranged exposition, was 
written. 


Immediately following the definition comes Christoffel’s theorem 
of 1857, namely, 


W yy; YYo; seh eig) YYn) = yt War, Yo, Ce) Yn)> 


the proof consisting in writing for y” in the right-hand member the 
determinant 


y 
y y 
y 2y'. y 


gh! (nly sa—I(w—2)y" 2 y 
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and then performing the multiplication in row-by-column fashion. 
From this identity, by substituting 1/y, for y and by noting that 


a Yn Abs WY Yn) 
dx Y; ope 


’ 


there comes the next result, namely, 
1 

Wik OF nib) Yn) = pre WLW He) WH Ys), DL egOer} W (41, Ya) } 
1 


a condensation-theorem, we may note, similar to Chio’s for general 
determinants. (Hist., ii. p. 80.) 

An interruption here takes place in order to establish the theorem 
of the previous paper, namely, that if W(yi, --->5 Yn) vanish identi- 
cally the y’s must be connected by a linear homogeneous relation with 
constant coefficients. The method of proof is gradational, the case 
for \ functions being made dependent on the case for \—1. Thus, 
it being given that 

Wipe ay) == 0, 


it follows from the identity just established that 
WiWH,%), WGr.%)---1,WHn,y)t = 0, 
and therefore by hypothesis that 
e Wr. Y2) +e, WO, ¥) + +. Fer Wlyirgn) = 0. 
This, however, through division by y,? can be written 


2 Ys 
C5° = 
~ ON Yy 


AY 
. 34... 4+6-—-4=0 
+ C3 any, * Tox 7" 


whence by integration followed by multiplication by y,, we have 


QQ TeYot +--+. TAY = 0 
as desired. 
Returning to the condensation-theorem, Frobenius by repeated 
use of it shows that 


WLW» Yards) Way Yar Bae > WO Yer Yn) | 


Wola ses Yn) = ¥ Sia 
, (Gera) 
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and thence proceeds to establish generally that 
Wary re es 


WI Wty, 2. - 5 tar M1) W(t, -- 2% Vohra as W gran tes v,)} 


Ey S 


y=1 
(Wu, seu) } 


This, we may pause to remark, is viewable even in the simplest 
case as the resolution of a special compound Wronskian into factors, 
and is thus comparable with the series of identities given at the 
close of Christoffel’s paper (Hist., ii. p. 227). 

The case where y is 2 is considered of special interest, and thereon 
the remainder of the investigation is based. It is first stated in 
the form 


W (Y ae, slag Yr Yrs oS eS Yn» Yi» y) 
WE Wyse Yor Yrsae e+ Yor Yad» Wyte ++ Yaa Yosto+++> Yr YP 
Wie seta) 
but this is readily seen to be the same as 
W (Yee: ses, Yes Yesaee a Yn), W(y. Vid fa esha) 
Wi (eset. 58475) W (gee fi 
owas Oo WY Wines os, Vai Ves 
chy WV (ye, ee : 


and the three important quotients here being denoted— not merely 
for shortness’ sake—by 


(—1)"*2,, (—1)"P(y), (—1)'"P(y,, 2); 
we are free to put it in the form 
6) 
%° Ply) = ap 2). 


A study of the 2’s then follows (§§ 2, 3, pp. 248-252). Developing 
the determinant 


| YY Y ~ 26 Yn | 
| 
Yin You Benes. a? A 
Yin-2 Yon-2 ears Ynn-2 
| Gia Y2,r see Yuna , 


where y,,, stands for o*y,/Oa*, and which therefore is W(y,,..., Yn); 
when \ = n—l, in terms of the elements of the last row and their 
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complementaries, we obtain by taking \ in succession equal to 
0, 1, 2,..., m—1 the set of equations 


Ne TUees Sa ee a TU ath = 0, 

Yur@ Ya +... tY a2, = | 
Yi,n—2%1 FY2,n—2% +». - » +Ynjn—2%n = a 
Vinaieusr Gani ee at Yn na 


in which, as we may note for ourselves, the definition of the z’s is 
involved. If, for shortness’ sake, we put 


Sap fOr Yra%1,p+Y2,0%2,8+ » ~~ - HY naZn,p > 
we thus know that 
S00 = S10 = $9 = +--+ + = Spoo = YO, 
and S49 = I: 


But by differentiating s, 1,9 once, s, 2,9 twice, and so on, it is readily 
shown that more is known in regard to s,,g, that, indeed, 


0) ( <n-l 
Sap) if a+ > 
\(—18 iE eect 
Putting therefore « = 0, 8 = 0,1, 2, ..., n—1, we have 
iY es Ace enn = 0, 
AaYr. F2a1Y2 F..--+2aiYn = 0, 
ni tenet ©: - > Fen nn = 9, 
Caidi tT eeneiet se enn adn = (bees 


and are face to face with the interesting fact that what we have 
reached is almost exactly producible from the previous set of 
equations by the interchange of y and z. Important conclusions 
follow of course with ease. In the first place, the determinant of 
the new set being W(z,,..., 2%) and not being zero, it is known 
that the z2’s are not connected by a linear homogeneous relation 
with constant coefficients. Next, it is seen that the solution of the 
set 1s 

Oe. ate ee oul ee) 


iW (eta se 5 2p) 


d 
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and a comparison of this with the definition of z, makes it reasonable 
that the z’s be termed the adjunct functions of the y’s. Less 
expected is the identity 


Wy, Oe Og Yn) - W(Zr41, - 2» Sy) = Wy, Ota 5) Yes 


which is obtained by simply using the multiplication-theorem, and 
which, when k = 0, becomes 


W (pistes sok Ua) WY (2, cee eRe 
or, in words, the Wronskian of a set of functions and the Wronskian 
of the adjunct functions are algebraical reciprocals. 
The subjects of §§ 4,5 (pp. 252-255) are the quotients P(y, z;), 
P(y), etc., and in the results, as might be expected, reciprocity is 
still a feature. 


The paper concludes ($6) with an application to differential 
equations. 


TRANSON, A. (1874). 


[Réflexions sur l’événement scientifique d’une formule publiée par 
Wronski en 1812, et démontrée par M. Cayley en 1873. Nowv. 
Annales de Math., xii. pp. 161-174. ] 

[Loi des séries de Wronski: sa phoronomie. Nowv. Annales de 

Math., (2) xii. pp. 305-318. ] 

The ‘formula’ referred to is Wronski’s “loi supréme,” which 
Cayley had dealt with two years before. Although in telling 
sympathetically the story of Wronski’s poorly appreciated labours 
Transon draws particular attention to the use of determinants, 
he merely restates (§ 4, pp. 313-315) the fundamental property of 
them enunciated in 1815 (Hist., 1. pp. 475-476), and gives the 
simplest illustration possible. 


CASORATI, F. (1874). 
[Sui determinanti di funzioni. Mem... . Istituto Lombardo, xiii. 
pp. 181-187. ] 
When dealing with other forms of determinants whose elements 
are differential-coefficients, Casorati formulates two theorems 
regarding Wronskians. The first, however, is that more than once 
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or 


already referred to as being due to Christoffel, and the second is a 
mere companion to it in which the introduced function appears as 
a divisor instead of a multiplier ; for example, 


wt, p 3) = Ww, v, W). 


PASCH, M. (1874). 


[Note iiber die Determinanten, welche aus Functionen und deren 
Differentialen gebildet werden. Crelle’s Journ., Ixxx. pp. 
177-182. ] 


Pasch’s addition to the theory is that ¢f the leading minor of the 
array 


oy, ey 
ee a 
a 
Oe OY 


2 Sx Ox? 


Cyn 8a 


| Yn dy Ox? 
—that is to say, the Wronskian of yy, Yo, -- - » Yn—vanishes identi- 


cally, every other n-line minor of the array vanishes also. 

Much. more important is his acceptance from Rosanes (1872) of 
the conception of a determinant of more general form than the 
Wronskian, namely, the determinant 


SEY Yq Pyg-. OY, or say WY, Yor ++ Yad 


where the y’s are functions of z,, %, .. . , and where 


ee 


) 
dy stands for u, ae + Uys" 
1 2 


Sy  » — d(dy), 
oy ” 6(6°y), 


> 


and the w’s are any magnitudes whatever. To this new determinant 
¥ the above theorem regarding W is extended, and an application 
is made to binary quantics. 


256 HISTORY OF THE THEORY OF DETERMINANTS 


Connected with this application the interesting fact is brought 
forward that when yy, Yo, -- +> Yu are binary quantics of one and the 
same degree, Rosanes’ determinant (1872) may be utilized instead of 
the Wronskian, the relation between the two being 


Oe, Cae. ou, 
axe Ox"oy a a pee 
ou, come ou, 
ox! Oey Oy 
ou, ou, oy, 
Ox Ox"Oy akan: en ye syns 
m(m—1)(m—2)y.... (m—n+1)"" 
7 yaniney) x : ; W(u,, Uo, is ee pet Uys 


where the u’s are binary m-thics. By way of proof it is only necessary 
to multiply the determinant on the left by y3""""" in the form 


|y* (n—1)azy*? — (m—1)y*? 
| 
Timm ecied P peae fa Deep set iy nd 
phil SRS ose 


CHAPTER IX. 
JACOBIANS, FROM 1862 TO 1877. 


BRIOSCHI, F. (1863): HERMITE, C. (1863). 


[Sur la théorie des formes cubiques 4 trois indéterminées. Comptes 
Rendus .. . Acad. des. Sci. (Paris), lvi. pp. 304-307 ; or Opere 
Mat., iv. pp. 331-334. ] 

[Extrait d’une lettre de M. Hermite & M. Brioschi. Crelle’s Journ., 

Ixii. pp. 30-32 ; or Huvres, i. pp. 289-292.] 

Brioschi points out that wu being a ternary cubic, H its Hessian 
and K its sextic covariant, the Jacobian of wu, H, K is also a covariant. 
To this Hermite adds that the new covariant contains the dis- 
‘criminant as a factor, and that the variable cofactor is resolvable 
into three cubics. 


MALMSTEN, C. J. (1862): BERTRAND, J. (1864, 1870). 


[Mémoire sur l’intégration des équations différentielles. Journ. 
(de Liouville) de Math., (2) vii. pp. 257-374. ] 
[Déterminant d’un systéme de fonctions. Traité de Cale. Duff. 
et de Cale. Int., 1. pp. 61-72. ] 

[Changement de variables dans les intégrales multiples. T'ratté 

de Calc. Diff. et de Cale. Int., i. pp. 468-469. ] 


These are really second-editions, the first being a free translation 
of Malmsten’s memoir of 1858, and the others being reproduced 
from Bertrand’s memoir of 1851. 

Bertrand adds seven interesting results to serve as exercises. 
One of them is an extension of the theorem regarding the vanishing 
of a Jacobian, namely, The necessary and sufficient condition that n 


258 HISTORY OF THE THEORY OF DETERMINANTS 


functions of u-+h variables shall be connected by an equation inde- 
pendent of the said variables is that the J acobian of the functions with 
respect to any n of the variables shall vanish. Two of them bear on 
the theorem concerning the condensation of the Jacobian into one 
product (Hist., i. p. 391). The first is familiar, namely, he alters 


faa 


y =psin@siny; into 4 x= pcosé 
se en ee ay ters 


x” = pcos 0 | 


and so obtains 


O(z,y,2) _ O02 Om Oy _ p. : : = : 
UR) Oe ae (—psin 6)-psin@cosy = —p?sin é. 


In the second the data are 


% = COS dy 
Ly = SIN P, COS hy 
Lz = SIN d, Sin Py COS pg 


Yn = SING, SIN Gg. . . - SN Gy COSHy) , 


and the result 
O(%, 2 Ln) : : : 
SW War ss Sn) _ ginng, . gin*-1¢,-sin"2¢,... .sint 
(or dar - +> Pn) 1 $2 sin" * 5 sin! pn. 


What may be viewed as an illustration of another theorem of 
Jacobi’s (Hist., 1. p. 389) is the result 


=p | * e 
O(L, 2, ? Lan, aD Ln-12n) 1 
O(%, Bo, + + +» Dy a 


where 7,27+2,?+...+2,?= 1. 


WOLSTENHOLME, J. (1863). 
[Question 4892. Hduc. Times, xxviii. p. 252; or Math. from Educ. 
Times, xxvi. pp. 104-105. ] 
The theorem here dealt with is that of §15 of Jacobi’s memoir 
of 1841 (Hist., 1. pp. 378-380). Any fresh interest is due to the 


example given in illustration of the simplest case of the theorem, 
namely, the Jacobian of 


a®+b?+c%, ax+by+cz, 2+y?+22, be—cy, cr—az, ay—ba; 
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or, say, 


Peete 4, B,C, 


with respect to a, b, c, x, y, z. This, because of the well-known 
relation 


PQ — 2 2 2 
Be = A?+B?+C?, 


must vanish; and it is thus suggested to ask for an independent 
proof of the identity 


Ore e —z yy 
ep —2x 
Zz —y « 
=a) 
a 2 ec —6b 
b —c a 
cz b—a 


Such a proof is not given.* 


BAEHR, G. F. W. (1864). 


[Note sur le changement des variables dans les intégrales multiples. 
Archw d. Math. u. Phys., xli. pp. 453-495. ] 


The relevant theorem regarding the Jacobian is dealt with on 
pp. 474-479. 


COMBESCURE, E. (1867). 


[Sur les déterminants fonctionnels, et.... Annales sci. de 
Ecole Norm. Sup. (1), iv. pp. 93-131.] 


* One, however, will be found in the fact that the columns of the determinant 
are connected by the equation 
Reol, — Qcol,+ Pcol,— Acol,—-Bcol,-Ccol, = 0. 
But it is also interesting to note that, if we express the determinant in terms 
of the minors formed from the first three rows and the minors complementary 
to these, we find that Q is a factor of each term of the development, and that the 
cofactor vanishes because it is equal to 
P Q 


Q RI 7 (A?+ B?+C?). 
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CLIFFORD, W. K. (1864). 
[On Jacobians and polar opposites. O.C. and D. Messenger of Math., 
ii. pp. 229-239; or Math. Papers, pp. 23-33. ] 
In accordance with Cayley’s usage of 1843, the statement 
| wu wv wv 
On Oy 
aL ob ob 
Ox Oy 
means that all the principal minors of the array vanish: and in 


view of Donkin’s notation for Jacobians a natural abridgment 
of this would be 


= 0 


o(U, L) _ 

O(a, Y,2) 
—an abridgment actually found in a later paper of Cayley’s (Quart. 
Journ. of Math., xiv. 1876, p. 295). Clifford, however, extends 
to the array the name ‘Jacobian’ and views it merely as a locus. 
Thus U = 0 being the trilinear equation of a conic, and L= 0 
that of a straight line, the array, called ‘the Jacobian of U and L,’ 
represents the pole of L with respect to U. The paper is otherwise 
wholly geometrical. 


BOOLE, G. (1865). 
[A TREATISE ON DIFFERENTIAL Equations. 2nd edition, pp. 24-25. 
Supplementary vol., pp. 56-59. ] 
In establishing the simplest case of the theorem regarding the 


vanishing of a Jacobian Boole had closely followed Jacobi (Hist., 
i. pp. 365-366). Later, when generalizing, the datum now being 


O( thy ste, wnt) oe ait 

Ol diy tesaekane ier} aa 
he keeps the old path only up to the point of showing that uw, can 
be expressed as a function of w%4, Ug, ..., Un, Zn. He then, without 


any apparent advantage, introduces differentials, showing that the 
equation 


OUn Ou Ou 
te oe ta ene rs 
ae Uy + Sts re Oty se + ae: Unit = Ot, = 0 
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must be a consequence of the equations 
Ot, = 0, Og = 0, ..., Op = 0, 
and that therefore 


ore 


from which, as before, the required conclusion can be drawn. 


LIPSCHITZ, R. (1866). 


[Ueber gewisse Beziehungen zwischen raumlichen Gebilden. Crelle’s 
Journ., Ixvi. pp. 267-284. ] 


Incidentally Lipschitz shows (pp. 279-280) that if 


= af (2, Lo, a9) Ln) 
a Dy f (Xz, Ter + + +5 Ln) 
Pn = Taf (Ly; 22; eo) Ln); 
then ¥ : 
OGidiAe Pa ae, of ) 
eee a ea ftases.. Ease =): 


The proof is hardly needed. 


NATANI, L. (1867). 


[Substitution, lineare. Hoffmann’s Math. Worterbuch, vi. pp. 
605-685. ] 


Seemingly, as an extension of Hesse’s theorem of 1844 (Hist., ii. 
pp. 235-237), Natani gives the rather loosely worded proposition 
that «f there be n homogeneous equations, all but one of the same 
degree, the partial differential-quotients of the Jacobian are proportional 
to those of the function of unique degree. 

We prefer to substitute the following :—IJf u,, u,..., u, be 
homogeneous functions of X,, X:,...,Xp, the first n—1 of them 
being oe, te p” degree and the last of the q'* degree, then 


on pyutl+ 0 + Sena 
x, = Ser 7] +(p—1l)J+(q— P)se (u, (mr) | 
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where J stands for the Jacobian of the u’s with respect to the x's, and 
| (11) (22) see [nn] | 
for the adjugate of the Jacobian. Thus, when n = 3 we have 


a Oty Oly _ | My Oty 4 je Oty Oty Un | 
ee | othe Oty Oats |’ aes Sa, PY O05)’ hs Sa, Oa, P 
utp 2 Bula ay, OM Qty Bey, 
PM Sy, ag da, PY? dz, 3a, Oa, P”? 
Olly Olle Shel Sige Oth Os ony 
fe > Oa, Oatg On tera Ot, OL, afr 
or 2,3 = pu,[1r]+ pua[2r]+qus[3r], 


and differentiating with respect to x, there results 


ooo = = (pu, ran + p{1r] =) 


oF ee 1 + p[2r 752) 


+ (qu, Pl + g3r]), 


=P oe +P lle 


+(9— p)us + ( (q— pss, 


= ry ud +0 (grathe (us 84]. 
Similarly, a differentiating with respect to r we mes 
ae = P > te ue +(p-1)3 +(q—p) =~ 2. (us{31]). 
If, now, for a set of values of the a’s the u’s vanish, these equalities 


become 
= (gp) 22, | 


= (q— p37], 


and therefore for the eS - of values 


oJ OS ug Dus 
On,” Om. OF, 1 OL! 


as Natani asserts. 
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NEUMANN, C. (1868). 
[Zur Theorie der Functionaldeterminanten. Math. Annalen, i. 
pp. 208-209. ] 


This is merely an unexpected verification of Jacobi’s ‘fundamental 
lemma’ of 1844 (Hist., ii. pp, 230-234). 


| CLEBSCH, A. (1868). 

[Ueber eine Eigenschaft von Functionaldeterminanten. Crelle’s 
Journ., lxix. pp. 355-358. ] 

[Note zu dem Aufsatze “Ueber eine Higenschaft....” Orelle’s 
Journ., lxx. pp. 175-181.] 


The property in question is to the effect that Jf u,, u,, us,... 
be n+1 homogeneous integral functions of the r degree in the n 


varvables X,, X,, X3,---3 Vis Voy- +--+ > Vn4i be the set of Jacobians 
formed from the u’s; and W,, Wo,.. +5 Wna the set formed in like 
manner from the v’s; then 

Ug Ue Ms 


Sony, Wi és 
By way of proof it is shown that, whatever values the a’s and b’s 
may have, the last row of the determinant 


ony hour Ca b 
OLR OLE e ear Oe. - : 
OU, OV, OV, 
— xa a a b. 
OX, OX, On : : 
OUnw Wan nn i b 
Bar, Ott, tone On n+l n-+1 
Sree » Yate dP 


can be made to vanish : that therefore 


Shite, Saw, Fi Sarr 1b. = 0; 
and that therefore, “‘by putting the coefficients of the products 
a,b, separately equal to zero,” there results 
U,W,— Uj, = O 
as desired. 
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The problem of finding the common multiplier connecting any w 
with the corresponding w is only touched on in the first paper, but 
is fully solved in the second. 


GILBERT, PH. (1869). 


[Sur une propriété des déterminants fonctionnels et son application 
au développement des fonctions implicites. Now. Mém. de 
V Acad. roy. de Belgique, xxxviil. pp. 1-12.] 

The real character of the property in question is somewhat 
obscured by being discussed along with its application to the 
problem of extending Lagrange’s theorem for the expansion of 
F(u) in a series of ascending powers of 2 when 


w= at+af(u). 
It may be freed of unessentials and conveniently formulated as 
follows: If the differential-coefficients of u,,U,,. . . , U, with respect 
to x be proportional to the differential-coefficients with respect to £, the 
common ratio being , and the u’s be also functions of a,, a.,.-- 5 Ap; 
then 
is) (sie ba as) = 29 5te dere) _O(), .--) Ue 
Oxal® Gage d'S adsag) Of Wed(a, jae epee} Olan .te 2eta ee 


All that is given by way of proof is a verification for the first three 
cases. For example, when » is 1, the right-hand member 
} { Ba _ 3(u, $) 
0€ ? da, O(a, €) 
Ou, | Op OU, — OU, Of | OU, OP 


? BF oq. Ob aay ad Cetera: 
Oly. Otis Ody | OG7 ween, 
PS Pout OF aval aa (¢ a 
6) 
tle ear the left-hand member. 
a, Ox 


The case where n is 2 is made dependeat on this, there being then 
the two given equations 


ll 


Oy gg Oy 4g Oy. 


on — PoE? Om Of’ 
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and the case where is 3 is similarly made to rest on the cases n = 1, 
n = 2. The work of verification, however, increases seriously with 
each step. 


IMSCHENETSKY, V. G. (1869). 


[Sur l’intégration des équations aux dérivées partielles du premier 
ordre. Archiv d. Math. u. Phys., 1. pp. 278-474.] 


The third section of the first chapter (pp. 284-287) of Imschenet- 
sky’s memoir is devoted to a full and carefully expressed proof of 
the theorem regarding the vanishing of the Jacobian. What is of 
interest in it is the mode in which the Jacobian is shown by the 
translator J. Hoiiel to be expressible as a single product. The 


functions of z,,..., Ly being w,,..., UW, there is first deduced 
by elimination 
Uy, = $,(%; SRO SEG: z;,); 
Ur, Spa (Qe, wag, OS Ansireerag), 
We Oates eds, aee S L,,), 
PSR A We ROU AU ores Ter am) Be 
and then unity in the form 
1] 
Oh. 
Ou, : 
245 2 
OU, Ws 


is multiplied in row-by-column fashion by 


O( Une teens 5g) OC sg ye UE) 
the result obtained being 
POM OTRO: 
OL POL, an ls 
cy ele: 
ON, OL, 
oes 


O02, 
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by reason of the equality * 


Odr OUy i Odr Ur te Odr _ Oy 


OU, Os OU pa Ole Ol, OL, 


ee @ 8 


A comparison of this with Baltzer’s procedure of 1857 and 1864 
will be found instructive. In his edition of 1870 a change was made. 


KRONECKER, L. (1869). 


[Bemerkungen zur Determinanten-Theorie. (Auszug aus Briefen 
an Herrn Baltzer.) Crelle’s Journ., lxxii. pp. 152-175; or 
Werke, i. pp. 237-269. ] 


Kronecker’s second note (pp. 153-158) contains suggestions for 
the improvement of § 12 of Baltzer’s third edition. He prefers (§ 1) 
to establish at an early stage Jacobi’s theorem regarding the 
Jacobian of the y’s with respect to the z’s when 


By (yyy os Peles Sip en) = Oe. ee RY oe Uae dy ee ee 
and thence to deduce the otherwise known results (a) where F; 
does not involve z,,%,...- » % 1; (6) where 

Fy = —Yyi t+ A(t, We, - +++ 5 Bn); 
(c) when the given equations are such that 
YO SONU; Ver @ 8s Uietrele ents 
these results being 
oF oF oF oF 
eh \neees Sa eS patents | Le 
(2) Dt Sak ee Sr are se ad 
Oh | 
(b) Sc ea 
2h On 
(c) Soe 


The rest of the paper (§§ 2,3) is devoted to a critical examination 
of the nature of the relation which exists among the y’s when their 
Jacobian with respect to the a’s vanishes. 


* In differentiating, with respect to «,, the members of 


t= Py (2y 5 lg, oo Upoiy Urs tnely et. 5 Lya)y 
the term O¢,/Ox, occurs only when r= s. 
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TRZASKA, W. (1871). 
[O pewnem zastosowaniu wyznacznikéw funkeyjnych. Pamietnik 
Towarzystwa Nauk Scislych w Paryzu, i. pp. 113-121.*] 


The theorem here dealt with is an extension of one noted by 
Bertrand in 1864. In order to suggest the mode of proof it may be 
conveniently formulated as follows: The necessary and sufficient 


condition that the functions uy, Uz, .. . , U, of the independent variables 
Xy, Xa... , Xm Shall satisfy p relations independent of these variables 
as that the leading minor of the (n—p)" order in the n-by-m array 

ou, Ou, ou, ou, Ou, 

OX MR OX MeBti arin OX, Lowy Oxtan.|, euhewmnoxe, 

ou, Ou, Ou, Ou, Ou, 

PX Boxy eet oe oxi ae 2 0x2 

OUn_p OUn—p eu oun Gil ees 

cig OU ee a OX, etx hy OX, 

Ou, OU, - Ou, Ou, ou, 

Ox OX aes OX pt OX, ye OX 


shall not vanish, but that all the minors of the (n—p-+1)" order 
obtained by bordering the said leading minor shall vanish. 

On putting p = 1 and m = n+h we have the case given by 
Bertrand, and on further putting h = 0 we reach the fundamental 
case dealt with by Jacobi. 


MINCHIN G. M. (1871). 


{Elementary demonstration of a fundamental theorem. Quart. 
Journ. of Math., xii. pp. 172-175.] 


The theorem in question is that of which the conclusion is 
Ors Yor + see Yn)  O(%, mio) Pe a Gn) 1; 
Lies ce mm ry) AO (Yo iinet tae, 


and the demonstration is based on the fact that the Jacobian is the 
determinant of the set of equations which give the increments 


*Or Baraniecki’s text-book, chap. xii. §118. 
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accruing to the functions as the result of assigning arbitrary incre- 
ments to the independent variables. The procedure is far from 
direct, and has no special claim to be called ‘ elementary.’ 


ROSANES, J. (1872). 
(See under this heading in chap. xxii.) 


SPOTTISWOODE, W. (1872). 


[Remarks on some recent generalizations of Algebra. Proceed. 
London Math. Soc., iv. pp. 147-164. ] 


One of Spottiswoode’s ‘ remarks ’ is (pp. 162-163) that 


OY, Bois bee Yn) te (#Y 
Olas eines Poon On 
if 
Y= GY teYot - - + + tenn 
and B= 6,2, tet... .+enTn, 
where ¢€,, &,...-.+, €, are a set of ‘algebraic keys’ or ‘alter- 


nating units. The reason for this is that we have two 
expressions for dy/Oz,, one from each of the assumed equalities, 
namely, 


OY Ye OYn oy 
1 Brite Rises aie ‘ hee. and Su & 
We have only then to give 7 in succession the values 1, 2,....,m 


and multiply. 
By way of application a theorem in Jacobians is got from the 


identity 
Ox\" 
Ey = 


FALK, M. (1874, 1876). 
[Om funktionaldeterminanter. Tidskrift f. Mat. och Fys., v. 
pp. 193-206.] 
[Bearbetning af ndgra teorier angaende differentialeqvationer. 
Dissert. 57 pp. Helsingfors.] 
The first paper is an elementary exposition embodying three of 
the main properties: it may be viewed as a first edition of § 4 


22) 
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(pp. 45-59) of the “ Lirobok ” of 1876. The second paper opens 
with a section bearing the same title and dealing still more briefly 
with the same matters. 


CASORATI, F. (1874). 


[Sui determinanti di funzioni. Mem... . Istituto Lombardo .. . 
xiii. pp. 181-187.] 

This paper is avowedly suggested by a part of Jacobi’s of 1833, 
Casorati’s purpose being to establish additional theorems regarding 
the two forms of determinant—the Jacobian and pre-Jacobian— 
dealt with by his predecessor, and to formulate analogous theorems 
for the Wronskian and Hessian. It is thus a study of the effect 
produced on such determinants by multiplying or dividing all the 
functions involved in them by another function of the same variables. 

To Jacobi’s theorem 


JCS UP ae, da ea aa ks U, Vv, W), 


Opa eo eee pte as, 


O(a, Y, 2) yh 
Dee eae 


So Uy Vg We 
Jz Uz Uz Wz], 
where the suffixes 1, 2, 3 denote differentiation with respect to 2, y, z 
respectively, there is given the companion 
o( fu, fu, fw) — 3-1 = = 
SE cy = afi i U v —w 
ul 


and to Jacobi’s 
K( fu, fv, frw) = fPK(u, »v, w) 
the companion 
K (fu, fu, fo) = fe K(u, v, w). 
Attention is then drawn to the fact that Jacobi’s first theorem 
involves the proposition that any pre-Jacobian may be expressed 
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by means of a Jacobian; and that thus, on using the well-known 
double theorem regarding the vanishing of a Jacobian, we obtain 
a corresponding theorem regarding the pre-J acobian, namely, Jf the 
pre-Jacobian of a set of functions vanishes, the functions are connected 
by a homogeneous relation: and if a set of functions be connected by 
a homogeneous relation, their pre-Jacobian with respect to a common 
set of variables vanishes. 

Of course this pair of theorems can also be established inde- 
pendently, and Casorati does so establish them. For example, it 
being given that 

F(u, v, w) = 0, 
and that F is a homogeneous relation, he has at once from Euler 


oF OF or 
reg on irs Ee = 0, 


and by simple differentiation 
OF Ou , OF ov, OF ow _ 
Ob VOL! NOU Or OWT One 
oF ou , OF ow , OF ow 
Ou oy T 3p “Oy + oy" oy uy 
so that on eliminating oF /dw, oF/dv, oF /ow there results 


Uv iw 
U, UV, W,)=0. 
Uy Ug We 
On this, however, we may note for ourselves that if u,v, w be 
functions of more than two variables, say of x, y, z, we have 
UW Uy Uy Ue 
U Oe Vo tae aU, 
WwW Wy We iW, 


one of the group of vanishing three-line determinants being the 
Jacobian, as is proper. 


CROCCHI, L. (1878). 
(See under this heading in chap. v.) 
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NANSON, E. J. (1877). 


[Elementary proof of a theorem in functional determinants. Mes- 
senger of Math., vii. pp. 120-121.] 


This is an attempt to generalize the mode of proof by Boole (and 
much earlier by Jacobi) to establish a connection between u and v 
when 0(u,v)/d(a,y) = 0. It seemingly avoids the method of 
‘induction,’ but it does so by being made to rest on the contra- 
positive proposition.* 


* The case immediately following Boole’s is where u, v, w are given functions 
of x, y, zand O(u, v, w)/d(x, y, z) = 0. Proceeding exactly as he does, we may 
consider x, y eliminated, and the resulting equation expressed in the form 


(DS flr Ob ay 


Ow _ Of Ou fi of ov 
Cx Cu Ox Ov Ox 
Ow _ af ou , OF ow 
Oy Ou Oy ~ cv cy 
OW EO Ouse, of ov, of 
Oz Cu Cz Ou oz” cz Js 
and these three equations enable us to reduce the last row of the vanishing 
Jacobian to 

ee 


Oz > 
SF Ou, v) _ 0. 
Oz O(a, y) 
Now it cannot be that the second factor here is 9, for, if it were, ~ and v would 
by the previous case be independent : hence 


OL ay 


Oz 


and therefore f is independent of z,—that is to say, w is a function of wu an 
v only. 


From this we obtain 


so that we have 


CHAPTER X. 
SKEW DETERMINANTS AND PFAFFIANS, FROM 1861 TO 1880. 


THE corresponding chapter in the preceding volume did not end 
with 1860, but brought the record up to 1865. There ought there- 
fore to have been included in it a note of Sylvester’s of 1861; the 
omission is herewith rectified. To the same longer period belongs 
Clebsch’s memoir, “‘ Ueber das Pfaff’sche Problem ” (Crelle’s Journ., 
lx. pp. 193-251, lxi. pp. 146-179). In this case, however, the 
omission was intentional, as Clebsch, unlike Frobenius the author 
of an equally long memoir with the same title, does not devote any 
special attention to the determinants which he uses. 


SYLVESTER, J. J. (1861). 


[Generalization of a theorem of Cauchy on arrangements. Phzlos. 
Magazine, xxii. pp. 378-382; or Collected Math. Papers, ii. 
pp. 290-293. ] 


In the third footnote Sylvester incidentally states that ‘polar’ 
would in his opinion be a better name than ‘skew,’ and he defines 
a Pfaffian as a “sum of quantities typifiable completely, both as 
to sign and magnitude, by a duadic syntheme of 2n elements.” 


NATANI, L. (1867). 


[Substitution, lineare. Hoffmann’s Math. Worterbuch, vi. pp. 
605-685. ] 


Natani’s §5 (pp. 618-621) concerns “symmetrische und sym- 
metrale Determinanten,” the latter adjective (symmetral) being 
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introduced as an equivalent for ‘ zero-axial skew.’ When the skew 
determinant has not a zero diagonal, he calls it ‘improperly sym- 
metral ’ (wnergentlich symmetral). 


VELTMANN, W. (1871): MERTENS, F. (1876). 


[Beitrage zur Theorie der Determinanten. Zeitschrift f. Math. u. 
Phys., xvi. pp. 516-525. ] 

[Ueber die Determinanten, deren correspondirende Elemente a,, 
and a,, entgegengesetzt gleich sind. Crelle’s Jowrn., |xxxii. 
pp. 207-211.] 

The two parts of the fundamental proposition regarding zero- 
axial skew determinants are here established from a direct 
consideration of the terms of the final development of a general 
determinant as set forth by Cauchy in 1841. This, as we have 
seen, had already been done by Cayley himself in 1860: Veltmann 
and Mertens, however, arrange their matter with greater care 
and in much fuller detail. 


CLIFFORD, W. K. (1873 2). 


[On Pfaffians. Math, Papers, pp. 535-537.] 

In § 1 of this posthumously printed note Clifford defines a Pfaffian 
by means of what, following Hankel, he calls ‘alternate units.’ * 
Such a definition was of course to be expected in view of the 
analogous definition of a determinant involved in the work of Grass- 
mann (1844) and Cauchy (1847). Forming a linear function of 
the binary products of four alternate umits, 1, %, 13, 4, say the 
function 

Cyolyly H Ayglylg + Cyglyty H Mggtots + Agytots + Ugytsta 
and raising it to the second power, we obtain 
2 (yy gg— A 3% 24 F M493) ty Lotgly> 


in which the Pfaffian of the second degree appears as a factor. 
It is the general result including this which Clifford uses, his 


* Cauchy’s ‘clefs algébriques’ (1847): Sylvester’s ‘polar umbrae’ (1862) : 
Hankel’s ‘ alternirende Hinheiten ’ (1867). 


274 HISTORY OF THE THEORY OF DETERMINANTS 


definition being in effect that a Pfaffian of the n™ order is the 
cofactor of Mi uty .. + ty im the expansion of the n™ power of a 
linear function of the binary products of the 2n alternate units 
ly logy © 2 2 4 lon+ 

In §2 he obtains a more complicated result, which might in like 
fashion be used as the definition of a zero-axial skew determinant. 


HOVESTADT, . (1873). 


[Ueber eine mit dem Problem der kleinen Schwingungen verwandte 
Aufgabe. Dissert. Bonn.] 


According to Lipschitz * this deals with the properties of a skew 
determinant with univarial diagonal. 


CUNNINGHAM, A. (1874). 


[An investigation of the number of constituents, elements and minors 
of a determinant. Quart. Journ. of Scz., (2), iv. pp. 212-228.] 


Cunningham devotes §§11, 12 to the number of terms in skew 
and zero-axial skew determinants; but, as in the case of axi- 
symmetric determinants, he makes an oversight, and his results 
are correct only as far as the seventh order. He concerns himself 
also (§ 15) with the number of k-line minors in an n-line zero-axial 
skew determinant. 


GUNTHER, §S. (1875, 1877). 


[LeHRBUCH DER DETERMINANTEN-THEORIE, . . . . viii+236 pp. 
Zweite Aufl. xii+-209 pp. Erlangen. ] 


In his exposition of the elementary properties of skew determi- 
nants (pp. 95-106) Giinther draws attention to a still more specialized 
form, namely, a determinant of the 2m" order, which, besides being 
zero-axial skew, is symmetric with respect to the secondary diagonal, 


* Sitzungsberichte.... Akad. d. Wiss. (Berlin), 1890, p. 508. The dissertation 
I have not seen. 
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and which can be shown to be equal to the square * of a determinant 
of the m'” order ; for example, 


CL OTOGCL Haas 
me f JOT es | e aad . b--e 2 
—b — ; s c 
—¢ —g —k ; ba a | eG ante beprlaptie istg 
=e ee Sey ‘ == EC aeeapeirg ow i 
—e —d —c —b —a 


He does not, however, note that, by changing the signs of the last 
m tows, the determinant becomes centro-symmetric, and that there- 
tore, by Zehfuss’ theorem of 1862, it is equal to 


(-—1) € atd b-+te —e a—d b—c | 
—atd h f+g|.| —a-—d —h f-—g 
—bte —ftg k —b—c —f—g -—k |, 


where either determinant can be made the conjugate of the other 
by changing the signs of all its rows or of all its columns. Nor does 
he note the deduction regarding an axisymmetric Pfaffian. 


FROBENIUS, G. (1876). 
[Ueber das Pfaff’sche Problem. Crelle’s Journ., Ixxxii. pp. 230-315. ] 


In the section (§ 4) dealing with general determinants the theorem 
last reached by Frobenius, as we have seen, concerned a determinant 
having an m-row array and an m-column array, each with a non- 
vanishing m-line minor and yet having no non-vanishing minors of 
the (m-+1)™ order. Applying this theorem to determinants of 
special form he obtained at once three corollaries, namely, 

(1) If in an axisymmetric t or zero-axial skew determinant there 
be an m-line minor that does not vanish while all the (11 -+1)-line minors 
do vanish, then the coaxial minor of the oblong array to which the non- 
vanishing minor belongs must also be different from 0. 

(2) If in a zero-oxial skew determinant m is the highest order of 
non-vanishing minors, then m is even, and among the said non-vanishing 
minors there must be coaxial minors. 


* To the square Giinther prefixes (—1)” in the first edition and + in the second. 
+ See Hesse’s Vorles.... Geometrie des Rawmes, 3 Ausg. (1876), pp. 453-454. 
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(3) If in a zero-acial skew determinant all the minors of the 2r’" 
order vanish, so also must all the minors of the (2r—1)” order. 

Holding these results to be of special importance in connection 
with the main subject of his paper, he devotes a section (§ 5, pp. 242— 
245) to the independent consideration of them. As a basis to start 
with, it is affirmed that if a zero-awial skew determinant of even order 
vanishes, so likewise do all its primary minors. The proof consists 
in noting that in any vanishing determinant | a,, | we have 


AsaAgs = AapAga; 
and that as regards the special kind here in question we have further 
Bow =. Ove Ansys Ave ee Danes 
the result thus being at once 
Aue = 9, 


as desired. Following on this comes the theorem: Jf in a zero- 
axial skew determinant * there be a coaxial minor of the 2r order 
that does not vanish, while all those coaxial minors formable from 
by appending two additional rows and columns do vanish, then all 
the minors of the (2r+1)" order vanish also. This is reached by 
applying the preceding theorem to the given vanishing coaxial 
minors of the (27-++2)™ order, the result being proof of the vanishing 
of a sufficient number of minors of the (27-+1) order to enable us 
to assert the vanishing of them all. Following on this again comes 
a direct deduction from it, obtained by noting that since all the 
minors of the (27+-1) order vanish, so also must all those of the 
(2r-++2) order, and that therefore, by attending only to those of 
the latter that are coaxial, we can affirm the vanishing of all the 
Pfaffians of the (r+-1)™ order. There is thus obtained the analogue 
in Pfaffians to the well-known theorem in determinants which has 
just been used at the close of the preceding proof. It may be 
formulated as follows: If in any Pfaffian there be a minor of the 
r order that does not vanish, while all those minors formable from tt 
by appending two additional frame-lines do vanish, then all the other 


* Asarule Frobenius uses ‘ schief ’ not for ‘ gauche’ but for ‘ gauche symétrique ’: 
on p. 241 the word ‘ alternirend ’ is also applied to a skew symmetric array. 
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minors of the (t+1)" order vanish also. Thus, using the oldest 
notation for Pfaffians, we know herefrom that with the data 


(1234) + 0, 
(123456) = 0, (123457) = 0, (123458) = 0, 
(123467) = 0, (123468) = 0, 
(123478) = 0, 
we can assert that all the other six-line minors of (12245678) vanish 
also. 


TANNER, H. W. L. (1878). 
[A theorem relating to Pfaffians. Messenger of Math., viii. pp. 56-60.] 


In Tanner’s words, this important theorem is that ‘ any relation 
between Pfaffians is true of their complementaries, provided the relation 
be made homogeneous.’ Unfortunately his proof (pp. 58-59) is little 
more than a verification of particular instances. A note is added 
by Cayley, who suggests that the true form of enunciation should 
be: If the elements of the principal Pfaffian be replaced by their 
cofactors, then each minor Pfaffian is converted into its complementary. 
Thus, the principal Pfaffian being [123456], so that the cofactors 
of 12, 18,.... are [3456], [4562],...., Tanner says that if the 
telation 

12-34—13-24+14-23 = [1234] 
hold, then also must the relation 
[3456 ][5612]— [4562][5613]+[5623][4561] = 56-[123456]. 


Cayley, on the other hand, says in effect that the second is a case 
of the first, namely, the case in which [3456], [5612],.... are 
substituted for 12, 34,.... 

Whatever view we take, it is clear that Cayley’s remark suggests 
a mode of proving Tanner’s theorem, the only requirement in the 
given example being to show that the compound Pfaffian which 
[1234] becomes as a result of the substitution is equal to 56 - [123456]. 

It is important to note that Cayley incidentally states that the 
new theorem holds for determinants also, thus forecasting the 
Law of Complementaries.* 


*See above, p. 66 at top. 
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TANNER, H. W. L. (1878). 


[On certain functions allied to Pfaffians. Quart. Journ. of Math., 
xvi. pp. 34-45. ] 
The functions in question are of two kinds, namely, the ultra- 
symbolic determinants 


me Pee EE pce AERC fee are, 
> Oa, Oh, |" Y4 Y2 Y3 |? On, On, Or. Oc 7 


e) 
| Ws Yo on, an, on, ¥ Yo Ys Ya 


YW Ye Ys Sn, a 


which Tanner denotes by 


[7,112 (128 ee a8 ee 


and their companions 


2 spLuNOY A a 
Oa,’ 4 Ye |» Oa, Oa, Oa, ) yy Y2 ¥3 Ys |» , 
al TONY SL eget 
On,» Pay] Me Ye HELEN oe tees ean en 
bail iba oa 
Oa, Ot, Oa, Yap Ye, sit ares Ye 
SAAR ORET Ct 
OX, O%, Ch, Om, 


which he denotes by 


{11 igang eee 


Of course it is understood that in each term of the final development 
of any one of the determinants, the elements are taken at the 
outset in the order of the rows to which they belong, and that each 


of the 0/02’s of any row operates only on the y’s of the row following ; 
thus, 
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are terms of [1234] and {123} respectively. The determinant 
[123] had already presented itself to Bellavitis in 1857 (Hist., ii. 
p. 96). 

The two kinds of functions are not without a certain relationship, 
as may be seen on expanding any one of them in terms of the 
elements of the last row and their cofactors; for example, 


[1234] = {123} y,— {124} ys+ {134} y.— {234} y,, 
{1234} = [128]5- — [124] 4. [134] —[234] = 


The relation which those of the first kind bear to Pfaffians is con- 
siderably closer, it being understood that by Pfaffians in the title 
of the paper is meant a particular type of Pfaffian, namely, Pfaffians 
whose elements are of the form 


OYs OY, = 
—-——-“", or say rs. 
Ci, Che y 


Thus, expanding [1234] in terms of the minors of its first two rows 
and their complementaries, we obtain 


12-34 —13-24+ 14-23 + 23-14 — 24-13 + 34-12, 
je. 2{12-34—13-24+4 14-23}; 


so that, using a different notation for Pfaffians, we have the identity 


Fo os Lae or i CYo OY, Ys OY, YOM 

OX, Ci, O%, OX, Opulent ee Of, 100, OX, 

Ying Jon Ysa. Ys Yo OY, Yo 

Obavides F0AgRO ON, - Of, Oka - Ok, 

Qa, Oa, On, Om, Oy, Ys 

Yi MEY Ys Ye 4 On; Om, |,” 
there being for [123456], [12345678], .... similar Pfaffian ex- 
pressions with the coefficients 3}, 4!,.... respectively. 


As may be expected from this relationship, Tanner readily discovers 
analogues to the simpler properties of Pfaffians ; and, in view of his 
previous paper of the same year, it is equally natural to find him 
formulating the ‘complementaries’ of these analogues. He also 
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arrives at formulae in which functions of both the forms { }, [ |] 
appear ; for example, 
(23) {1} [137 {2}'+ [227° {3}, 

where [23], {1}’,... . stand for the complementaries of [23], 
11) 95 Sat 

We may note that Tanner might have expressed the odd-ordered 
functions 

[123], [12345], . . 


also as Pfaffians, namely, 


|t%. Ye Ys| B!/% Yo Ys Ya Ys 


| 

12 313 12 ~18-<14 ul 
eae 23 24 25 
Se 35 

45 |. 


ROBERTS, S. (1879). 
[Note on certain determinants connected with algebraical expressions 
having the same terms as their component factors. Messenger 
of Math., viii. pp. 138-140.] 
Starting with Lagrange’s identity 
(a? +- aa,” + bar.” + abx,”) (£° + a€,* + b£, + ab€,”) 
= P?+aP,? +6P,? +abP,”, 


where 
P= 2x€ +ax,&, +ba€, +abr€;, 
P, = —#&+ a € —baé,+ bass, 
P, = —2%&+an&+ %£ — ALE, , 
P, = —a€s— tbo+ %f,+ Tf, 
and considering the consequences of 
C+ ag2+ bg, + abé? 
becoming 0, Roberts deduces the result 
is ag, bé, abe, 
=F £ —bés, «bg, : ; 
= a2 2\2. 
—&£ aks é —ag, (é +aég, +bé, +ab§,?) » 


"pees —& & fs 
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and in similar fashion 


E af,  abé, bg, ack, cf beg abcé, 
AP aes bg, —b&, c£, —0f, —beé, be&, 
od 3 hte ss é, Cip ne Oh, 4 —CL,| 06s 
—f af —ag, & ack, —cé, cé; —acg, 
| mee Race — bg, —b&, é g, bf, b&; 
—£€, af, —abé, bf, —ag, COny-20) ab, 
—& 4&; af, —& —a, fs £ING = 06, 
—&; pike Es &, mets = £ c 

= (20g) abé2 +b? +-a0k? +0f,2-+ bef? +abeE,?)* 
Of these two interesting determinants, R, and R, say, the former 
is seen to include Souillart’s of 1860, and the latter Sylvester’s of 
1867. 

Multiplying R, in row-by-column fashion by the determinant got 
from R, on changing the signs of €,, &, € he obtains a determinant 


having 
f+ a€," + b£,? + abé,? 
in the places 11, 22, 33, 44, and zeros in all the other places : further, 
he asserts that all the primary minors have £?+<a€,?+b€,? +abé,? 
for a factor, and that quite similar properties are possessed by Ry. 
It may be added that as the result of an investigation* made in 
1879 Roberts convinced himself of the non-existence of an Ry. 


SYLVESTER, J. J. (1879). 


[Note on determinants and duadic disynthemes. American Journ. 
of Math., ii. pp. 89-90, 214-222.] 

[Sur une propriété arithmétique d’une série de nombres entiers. 
Comptes Rendus .... Acad. des Sci. (Paris), lxxxvili. pp. 1297-— 
1298. ] 

The greater part of the space here is devoted to the number of 
terms in (the ‘denumerant’ of) skew and zero-axial skew deter- 
minants. In the latter case the difference-equation is given as 


Un = (M—1)?tUq-g — H(n—1)(n—2) (M3) Una, 
*See Quart. Journ. of Math., xvi. pp. 159-170. The paper also contains an 


interesting sketch of the history of the problem of representing the product of two 
sums of 2” squares as a sum of 2” squares, 
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and thence the values of u,, Us, Ug, Us, » + + + 2S 
1 a26.> 1207 2 D200 ee nee 


In the former case the values appear of course as sums of multiples 
of Us, Uy, . . . - 3 for example, for the 7 order the value is 


] + Ga + C,,3°6 -- C,,,°120; 
and the first seven values are 
1, 2.45 13,48 "2267 1012... 


SYLVESTER, J. J. (1879). 


[Sur la valeur moyenne des coefficients dans le développement 
d’un déterminant gauche ou symétrique. . . . Comptes Rendus 
.... Acad. des Sci. (Paris), Ixxxix. pp. 24-26, 497-498; or 
Collected Math. Papers, i. pp. 253-255, 257.] 


In this is contained an improved form of one of the results just 
chronicled, namely, that the number of distinct terms in a zero- 
axial skew determinant of order 2n is 


1+3°5 ....< 4)(2n—1) 0,3 
where v, is determined from the equations 
VU, = (2n—1),1—(n—lI) ty, %=1, 1 =1, 
or from the equation (corrected) 


1 
Un = {1+ 41-50... +1-5-9C,,3 +... ton 
A similar statement is made in regard to ‘déterminants doublement 
gauches,’ that is to say, determinants which are skew with respect 
to both diagonals and have both diagonals full of zeros. In such 
a determinant of the order 4n Sylvester says the number of distinct 
terms is 

2°4-6.... (4n—2)-,, 
where w,, is determined from the equations 
Wy = (4n—3),.—2nv,2, W=1, w,=1, 


or from the equation 


0, = jl+n+1-90,2+1-9-170,34+. .: tf 
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but the assertion is incorrect,* the number of distinct terms being 
2, 36 when n is 1, 2. 


PAIGE, C. LE (1880). 


[Sur les déterminants hémisymétriques d’ordre pair. Sitzwngsb. . . . 
bohm. Ges. d. Wiss. (Prag), Jahrg. 1880, pp. 125-127.] 
[Sur une propriété des déterminants hémisymétriques d’ordre 
pair.t Nouv. Corresp. Math., vi. pp. 155-158.] 

The property in question is Cayley’s of 1847, but is stated in the 
form first reached by Bellavitis in 1857 (Hist., ii. p. 278). The 
process of proof is at the outset that adopted by Trudi in 1862 
(Hist., ii. pp. 288-289). 


*If the coefficient of w,_, be changed into 2(n—1), the two modes of determining 
Wy will be brought into accord: but this is not all that is wanted. 


+ The two papers cover almost the same ground, 


CHAPTER XI. 
ORTHOGONANTS, FROM 1855 TO 1879. 


From the study of the subject of linear transformation there arise 
two quite distinct matters for consideration in the theory of deter- 
minants; namely, first, the properties of a special form of deter- 
minant known as an Orthogonant, and, second, the character of 
the roots of Lagrange’s determinantal equation. At first the two 
matters were interlocked : in the present volume this is no longer 
quite the case, the papers being without much difficulty separable 
into the two relevant groups. As, however, the subject of the second 
group is still on the whole viewed in connection with orthogonal 
transformation, the separation has not been made. The reader, 
therefore, who is interested in what came soon to be known as the 
subject of the Latent Roots of a Determinant must still turn to 
Orthogonants. 

We have only further to remark that the first of the papers 
belongs to the twenty-year period immediately preceding, and that 
between the two periods there is little difference to be noted in the 
matter of fruitfulness. 


CAUCHY, A. (1855). 


{Sur le dénombrement des racines qui, dans une équation algébrique 
ou transcendante, satisfont 4 des conditions données. Comptes 
Rendus . . . Acad. des Sci. (Paris), xl. pp. 13829-1335; or 
(Ewvres completes, (1) xii. pp. 293-299. ] 

What concerns us here is the one or two corollaries to the second 
of three theorems on the subject matter of the title, the main corol- 
lary being that the equation 
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Of bho 4 0) G19 maton us Cin 
To To9 ty: Ton as 0 
Cn Tne one! “eye nn — & 


will have all its roots real if c,, be any integral function of € whose 
form depends on r and s, and which is not altered by the inter- 
change of r and s. One of the cases in which the o’s are linear 
is taken for special comment ; it should be distinguished, however, 
from Sylvester’s extension of 1853 (Hist., ii. p. 314). 


HESSE, O. (1861, 1869). 
[VORLESUNGEN UBER ANALYTISCHE GEOMETRIE DES RaAvUMEs, 
insbesondere iiber Oberflachen zweiter Ordnung. xv+368 pp. 
(2te Aufl., xvi+456 pp.) Leipzig.] 

As has already been implied, there is more of Algebra in these 
lectures than is usual in a book on Solid Geometry, and naturally 
the algebra of orthogonal transformation in the case of three 
variables receives considerable attention. A series of excerpts from 
five or six of the chapters would provide an excellent exposition 
of the subject. 

CLEBSCH, A. (1861). 
[Ueber eine Classe von Gleichungen welche nur reellen Wurzeln 
besitzen. Crelle’s Journ., |xii. pp. 232-245.] 
Taking the theorem (Hist., ii. pp. 449-451) regarding the reality 
of the roots of the equation 
Ay +r yy tbr —1  ayy+bigV—1 
Ayg— OV — 1 Qop +r (rg lbs a ee mea |i 0 
dyg—DygV—1 Gag — Dog —1 Ogg +r 
where the a’s and 0’s are real, Clebsch makes the a’s vanish, and 
thence draws the conclusion that the roots of the equation 


M Dis bis 


ey eg is als) 6 ee 6 kee So Pas) Bi te 
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are purely imaginary. This he also proves separately, by expanding 
the determinant in descending powers of « as originally done by 
Cayley (Hist., i. p. 261). 

He is then led to an equation of another type, the reality of whose 
roots depends on persistence of sign in a given quadric: and an 
extension is thus given to Hesse’s process for expressing the dis- 
criminant as a sum of squares (Hist., 11. p. 321). 


TRUDI, N. (1862). 
[TroRIA DEI DETERMINANTI,... ix+268 pp. Napoli.] 


Trudi’s chapter on Linear Substitution (pp. 206-217), though 
for a certain length closely resembling Baltzer’s, deals more clearly 
and fully with the complementary minors of an orthogonant. 

In extension of Jacobi’s theorem on the subject he affirms that 
the product of an orthogonant by any one of its minors is equal to the 
‘algebraic complement’ (i.e. cofactor) of the said minor. The ortho- 
gonant being | ,,|, M, any k-line minor of it, and M, the corre- 
sponding minor of the adjugate | Q,, |, we have 


M, =| 1n|""'+ cof. of M, in | on: 


But, it having been already proved as a first case that any element 
Q,, of M, is equal to | in| * @,s, It follows that we also have 


M, = | in|" ¥ M,. 


By ejuatement of these two expressions for M, we at once obtain, 


as desired, 
| Win | . M, = cof. of M,. 


Multiplying both sides of this by M, and then performing the 
summation required by Laplace’s expansion-theorem, Trudi in 
effect derives the result 


|orn| ->yM — in| ’ 
and thus concludes that the swm of the squares of the k-line minors 
formable from any array of k rows of an orthogonant is equal to 1. 


After explaining the construction of Cayley’s orthogonant and 
showing rather unnecessarily that its value is +1, he adds, by way 
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of rounding off the subject, that an orthogonant equal to —1 is 
readily obtained by simply changing the sign of an odd number of 
rows or columns. 

His exposition (pp. 237-241) of the mode of transforming the 
m-aty quadric 2a,,z,x, into DA,y,2 by means of the orthogonal 
substitution 

t= Or Yi + Op2Yo + coe Onda 


resembles Lebesgue’s in simplicity and clearness (Hist., i. pp. 463- 
467). Thus, to obtain the equation for the determination of the 
A’s he takes the reverse substitution 


Yr = My H, + W,L + . . » On Ln, 


and from the identity of the two forms of the quadric deduces at 
once 


a,, = A115) + Ag @,2059 + “ee PAL Opn Msn: 


Then taking the cases of this where s=1,2,..., , and using 
the multipliers o,,, w.,, . . . , he obtains on addition 
B,1® 13 + Ape Wop + . - - + An Ons = A,@,s, 
whence, after putting r= 1, 2,.. . , n, there is deduced 
| d,—A, Aye corte ove Un 
Qo, Cog — A, Aon =a () 
| Ani Ane Onn—A, 


CAYLEY, A. (1862). 


[Report on the progress of the solution of certain special problems 
of dynamics. Report... British Assoc. ... xxxil. (Cam- 
bridge), pp. 184-252; or Collected Math. Papers, iv. pp. 513- 
593. ] 

Under the heading ‘ Transformation of Coordinates’ (S§ 124-131), 
Cayley gives an account of some of the more important memoirs 
from 1758 to 1845 (Hist., i. pp. 407-410), that is to say, practically 
up to the date of his own notable paper on the construction 
of an orthogonant. 
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HESSE, 0. (1862): HENRICI, O. (1864). 


[Zerlegung der Bedingung fiir die Gleichheit der Hauptaxen eines 
auf einer Oberfliche zweiter Ordnung liegenden Kegelschnittes 
in die Summe von Quadraten. Crelle’s Journ., lx. pp. 305- 
312; or Werke, pp. 497-506. ] 
[Bemerkung zu “ Hesse, Zerlegung der Bedingung. . . . .  Crelle’s 
Journ., |xiv. pp. 187-192.] 
The equations of the surface and the plane being respectively 
ax? + by? +-cz*+-Qlyz+2mzx+2nazy = 0, 
and Av+By+Cz+D = 0, 
where A?-+ B?+C? = 1, and consequently 
a—rX MN m <A | 


Pedi BowhC uli 
being the equation for determining the axes of the section, Hesse 
expresses the discriminant, (A;—),)?, of this equation in four 
different ways as a sum of squares, namely, as a sum of 10, of 7, 
of 6, and of 5 squares. To this Henrici contributes an expression 
in the form of the sum of two squares. 

The subject is continued by C. Souillart, G. Bauer, C. F. Geiser, 
K. Sourander, and C. Souillart.* 

Geiser makes an extension to the case where the determinant 
is of the (n +1) order and the equation is of the (n—1)™ degree : 


he also recurs in another paper to the original allied problem of 
Kummer.t 


SYLVESTER, J. J. (1867). 


[Thoughts on inverse orthogonal matrices, simultaneous sign- 
successions, .... Philos. Magazine, xxxiv. pp. 461-475; 
or Collected Math. Papers, ii. pp. 615-628.] 


Sylvester, having been led to study determinants whose elements 
are inversely proportional to the corresponding elements of the 


* Crelle’s Journ., Ixv. pp. 320-334: Ixxi. pp. 46-52: Annali di Mat., (2) viii. 
pp. 113-120; Crelle’s Journ., Ixxxv. pp. 339-344: Ixxxvii. pp. 220-221. 
ft Crelle’s Journ., Ixxxii. pp. 47-53. 
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adjugate determinant, naturally digresses a little to speak of those 
in which the proportionality is direct. He even goes so far as to 
suggest that the latter property should be that used for the definition 
of an orthogonant ; but he is careful enough to point out that this 
would leave the value of the determinant unfixed instead of having 
it equal to + 1. 

Later on, when considering the construction of inversely ortho- 
gonal determinants whose order is a power of 2, he makes another 
digression to draw attention to the so-called orthogonants (strictly 
penorthogonants) of the 2", 4, 8°" orders whose values are 


—(a?+b*), —(?+b+e+d?)*, — (+0? +¢?+d?+0? +m?+n?+p?),* 


respectively, writing them in the form 


OAD On es c Cee a hae 

b —a |, b-a —-d ec m-—l p —n 

e dad —a —b n —p —l m 

G0 Ge =. d —c b—-a p n—m —l 
b—a d —e 1 —m —-n -—p—a b ec a 
e—d-—a 6 m tl p—-n—b-a d —e 
d c —b —al, n—-p tl m=-e -d—-a 6 
p n —m tl —d ¢ —b--a 


The second of the three is essentially the same as Souillart’s of 1860 
(Hist., ii. pp. 287-288), and becomes identical with it on altermg 
the signs of the last three rows.* 

We may note for ourselves that by making the elements in the 
first columns negative the determinants would be wholly skew, and 


* Souillart’s result could readily have been arrived at as a case of Cayley’s 
illustrative example of 1847, namely, 

ance OMEC 
-@ «“# de 
-b -d «x f 
-c -e -f @ 

for the right-hand member here is seen to be equal to 
(a2 +af —be+cd)? + (a—f)Pa? + (b+e)?x? + (c-d)?a?, 


and therefore to become 


= at + 22(a2 +024 c? +d? +e? +f?) + (af—be+ed)?; 


(x2 + a?+b? +c?) 


when we put f, e, d =a, —6, ¢ 


290 HISTORY OF THE THEORY OF DETERMINANTS 


their values would be positive : also that one would possibly have 
expected the second determinant to be identical with the first four- 
line minor in the third. 


BAUER, G. (1868). 


[Von der Zerlegung der Discriminante des cubischen Gleichung, 
welche die Hauptaxen einer Flache zweiter Ordnung bestim- 
men (sic), in eine Summe von Quadraten. Crelle’s Journ., 
Ixxi. pp. 40-45. ] 


Bauer, with his eye on Kummer (Hist., ii. p. 295), takes the dis- 
criminant of 
a—x« h ge al 
h b—-x f 
g ig Co | 
in the form of Bezout’s axisymmetric eliminant 
| 6Q—2P2? —9R+PQ 
| —9R+PQ 6RP—2Q? |, 
and, partitioning it into four determinants, succeeds in evolving 


Borchardt’s, his own, and Kummer’s expressions for it in terms of 
13, 10 and 7 different squares respectively. 


= 0, or, say, 2#—P2?+Qzr—R = 0, 


GERONO, EK. (1870): WISSELINK, D. B. (1877). 


[Note sur une application de la théorie des déterminants. Nouv. 
Annales de Math., (2) ix. pp. 392-398. ] 


[Merkwaardige eigenschappen van eenen determinant van den 
derden graad. Nieuw Archief v. Wisk., iii. pp. 84-89.] 


These are simple expositions of the properties of the three-line 
orthogonant, Wisselink following the lead of Gerono. 


VELTMANN, W. (1871). 


[Beitrige zur Theorie der Determinanten. Zeitschrift f. Math. wu. 
Phys., xvi. pp. 516-525. ] 

Veltmann’s second contribution (pp. 523-525) concerns Cayley’s 

construction of an orthogonal substitution. He dispenses with 
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the intermediary variables 6,, 6,, 63, ...., laying down the 
proposition that a,, 23, a, o. . 2, and €,,.. £5, £4)... «9 are 
orthogonally related if 


by) %, + ly 9% + Cita... = LE, +l €o+ la €s+ 
Dy), + Lay + i bef t+ loo€s + lgeés + 


T3,% +L, lsat... . = Ly, +log€ + ssé,+ 
where the determinant of the /’s on the left is meant to be unit- 
axial skew, and is manifestly the conjugate of that on the right. 
To establish this, he has only got to solve for each variable of the 
one set in terms of the variables of the other. Thus, from the 
equations 
T+ V8, — bts = E,— v8 + mes 
VE, + Xray vt &—XE; | 


AG + % = —p&+rAL+ Es 
there is obtained in the usual way 
E,— vént més ee Corgi t | 1 Pe in 
y= v&é,+ fe— AEs JI r * —y 1 r 
Seiten eae oon 1 Lereas 1 
5 ead DR A LN ee ese 
L424 pet 8t L4H 2 O27 1 DP 2 +0? 28’ 


and similar expressions for x, and 2,. 

We may also note that from the constitution of the unsolved 
set of equations the changing of the signs of X, u, v in the coeffi- 
cients here obtained must give us the coefficients in the expressions 
for €, in terms of 2,, 2, 73. 


SIACCI, F. (1872). 
[Questioni 1, 2, 3, 11. Giornale di Mat., x. p. 188, p. 360. Solu- 
tion of 3 by P. Cassani, x. pp. 239-240 ; Solution of 1, 2, 3 by 
M. Albeggiani, x. pp. 285-290. | 


The first three ‘ questions,’ sent to the Grornale on 17th May, are 
special cases of a general theorem which is the subject of a 
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communication read to the Turin Academy * on 9th June: and 
‘ question ’ 11 is another special case sent similarly for proof while 
a paper containing a treatment of it was being prepared for insertion 
in the Annali di Matematica. Unfortunately, no hint of this 
double publication of the theorems is given anywhere. The formal 
enunciations of them may be put thus : 


(1) It is immaterial whether the elements of the main diagonal of 
an n-line orthogonant be increased by X,, X2,..-, X_ respectively or 
by xy Xe es he SO LONG OFX. xe oe Ey if 


(2) If from each element of an odd-ordered orthogonant there be 
subtracted the corresponding element of another orthogonant of the same 
order, the determinant so formed vanishes. 


(3) If two n-line orthogonants be taken, and the rows of one be 
multiplied by h,, hy,..., h, respectively, and the rows of the other 
by k,, ky, ..., ky respectively, and a new determinant be formed, 
each of whose elements is the sum of the corresponding elements in 
the orthogonants thus modified, this determinant is such that it will 
remain unaltered on the interchange of the h’s and k’s. 


(4) The determinant formed by subtracting 1 from each element of 
the main diagonal of an even-ordered orthogonant has the comple- 
mentary minors of its diagonal elements all equal to the negative half 
of itself. 

Cassani’s proof of the third begins by partitioning the determinant 
in question into a series of determinants with monomial elements : 
and Albeggiani follows the same tiresome method, with this difference, 
that he devotes the first part of his paper (6 pp.) to finding a general 
expression for the development of a determinant with binomial 
elements, and then in the following six pages uses the resulting 
theorem to establish (1), (2), (3). This process of specializing is of 
little interest ; and, as for the general theorem, we give attention to 
it, like Siacci’s, in its proper place. 

For ourselves we may note that a very natural and simple way of 
obtaining all of them is by multiplying the determinant concerned 
in each case by the orthogonant used in its construction. Thus, 
taking the first, we have 


* Atti, vii. pp. 772-783. tv. pp. 296-304. 
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a, +2, a a3 a G2, a, 
B, Bo+2, Bs x18, Bs Bs 
v1 V2 Y3t% Man 94 NR 
ii 
1+a,2, 8,2 Vi% ous a By Al 
1 
Ay, 1+ 6B, x, Ss l 
2L gXhe V2%2 = ULX A B+ as Y2 
2 
i 
Ags BsX3 1+ 525 as Bs Yst 2 
3 
and taking the fourth, we have 
1 Gy Gs Osea, | 


| 
6, 03 03 Oy “il. | 0, 05 on 6, | 
ay B, Yi 0, 
= a Os el Doge Says & dre 
ates 5 eel Ye a-93 
=U Wienien Yi ba, 
SE ad TB 3 li ns a ela 


as enya Ou 
The second manifestly follows at once from the third by putting all 
the h’s equal to 1 and all the k’s equal to —1. As for the third 
itself, we first multiply by one of the orthogonants involyed, the 
result being 


Aya, +hyry hyayt+hyrg hyas +hyng a Gy Gg 
h,B, LY Keopey hoBe at Kops h.Bs ok Ropes ’ By Bs Bs 
hgy, thay, hgyot kere hgyst kgvs way R  T43 


h,+k,2va =k, DAB k,2Ay | 
k,2 pa hotkyg=uB  kyXuy | 
k,2va kgdv3 ha+ksdvy 1 
and then we note the difference in the product which multiplication 
by the other orthogonant | A,u.v3| would have brought about. 


we 
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Finally, we draw attention to the fact that the orthogonants 
involved are all here taken as positive, and that if they be not so 
taken Siacci’s enunciations will require modification. 


BELTRAMI, E. (1873). 
[Sulle funzioni bilineari. Giornale di Mat., xi. pp. 98-106.] 


In the treatment of the problem* of the transformation of 
e.%-Ys into the canonic form S)y¥mEntm, it is inferred that if 


a f e a’ fs e 
Pionbard feeb ens 
|e de 


Gy. Cy POA) Sete | 
be two forms of the square of any determinant, the one obtained by row- 
multiplication and the other by column-multvplication, then 

a—x f e || a—x f e 
f b-x d ae f b’— 
e dc Se eee re ere: d?~*cs- = 
viewed as functions of x, are identical. The ground for the inference 
is that while the functions are of the n™ degree in x, they are found 
to be equal for n+1 values of z. 

A closely allied theorem by Hamburger will be found dealt with 
under the same year in chap. 1. 


GRAVELAAR, N. L. W. A. (1875). 


[Neuer Beweis fiir die Realitét der Wurzeln einer wichtigen 
Gleichung. Archiv d. Math. u. Phys., lviii. pp. 301-318.] 

Gravelaar’s proof is not really new : what his paper provides is a 

criticism of a previous proof and a mode of removing the defects. 
In discussing the character of the roots of the equation 

A,—L Ap 248 . 
Ge Ag Egg = 0 = L,(a), say 

| Ax3 Ag Ag3—2% or gite © 


n 


* Jacobi’s of 1831 (see Hist., i. p. 436): but Beltrami begins by showing generally 
how the determinant of a bilinear form is altered by the performance of the two 
linear substitutions (see Cayley’s memoir referred to in Hist., ii. p. 313). 
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Salmon, seeking to shorten Cauchy’s procedure of 1829, had used as 
@ substitute for Sturm’s series of derived functions the series 


L,(2), Ly-4(2), Seo 058 SAGAS L,(z), 1. 


To this Gravelaar objects that, though the substituted series has 
one fundamental property in common with Sturm’s series, it does 
not possess a further essential property, namely, the impossibility 
of two consecutive members of it simultaneously vanishing. In 
effect the objection means that Salmon did not, like his predecessor 
Cauchy, consider the case where the equation under discussion has 
equal roots. 

The proof offered ($§ 10, 11, pp. 306-310) is of less interest than 
the preparatory theorems on which it depends, namely, (1) that the 
x differential coefficient of L(x) is, save for the arithmetical factor 
(—1)'r!, the sum of the coaxial minors of the (n—r) order: (2) that 
the necessary and sufficient condition for the equation L,(x) = 0 
having a real root a repeated m times is that all the minors of the 
(n—m +1)” order vanish when x is put equal toa; (3) that if L,(x) 
contain the factor (x—a)™, then all the primary minors contain the 
factor (x—a)""1. 

No proof of the first theorem is given, but it is readily derivable 
from Trudi’s form of Jacobi’s theorem regarding the complete 
differential of a determinant. In support of the second theorem, 
but really proving little more than the converse, it is pointed out 
that if L,(x) contain the factor (x—a)”, the putting of z equal to a 
must cause all the differential coefficients of L,(x) up to and 
including the (m—1)" to vanish; that therefore, from the first 
theorem, with the help of a property of axisymmetric determinants, 
all the coaxial minors of the (n—m-+1)™ and higher orders must 
vanish ; and that thence, with the help of another property of 
axisymmetric determinants, the other minors of the (n—m-+1)* 
and higher orders must vanish also. As for the third theorem, it 
is first shown to be true of the primary minors that are coaxial, 
and thereafter of the others by considering a two-line minor of the 
adjugate of L,,(x) and by assuming that a secondary coaxial minor 
is divisible by (x—a)"~’. 
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WEIHRAUCH, K. (1876): FROBENIUS, G. (1878). 


[Zur Construction einer unimodularen Determinante. Zeitschrift 
f. Math. u. Phys., xxi. pp. 134-187. ] 
[Theorie der linearen Formen mit ganzen Coefficienten. Crelle’s 
Journ., lxxxvi. pp. 146-208. ] 


What is here given by Weihrauch is an alternative solution of 
the problem which Hermite set himself in 1849 (Hist., ii. p. 306). 

Frobenius devotes a section (§3, pp. 150-151) of his extensive 
memoir to the same subject, referring his solution back to Gauss 
(Disq. Arith., $279), and drawing attention to four solutions given 
in a paper of Jacobi’s published in 1868, but written probably early 
in 1850 (see Crelle’s Journ., xix. pp. 1-28). 


BARDELLI, G. (1876). 


[Alcune proprieta dei coefficienti di uno sostituzione ortogonale. 
Rendic. . . . Istituto Lombardo . . . (2) ix. pp. 167-174.] 


The basis of the work here is any orthogonant A which has all 
its elements functions of one and the same variable; and the 
investigation is mainly concerned with the determinant A,, each 
element of which a,, is the derivate of the corresponding element 


dy, Of A. 
From the fact that 
go ts ee ts ee 1) 
Ay Ag, TOpg yg... s Bap dyn = of 
there is obtained by differentiation 
Ap Arp te seo Ore ry EO 
(pret. ss + HOpnen) + (Anda... . + OynGmn) = an 


which equalities, in view of the fact that the expressions on their 
left are exactly such as occur when A, is multiplied rowwise by A, 
may be conveniently shortened into 


Prr = 9, Prs t+ Par = 9. 


We thus have AA, 7.e. A;, equal to the determinant of the p's, 
P say: and, this latter being zero-axial and skew, it follows that 
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A; 1s equal to 0 or the square of a Pfaffian according as n is odd or 
even. It is equally readily seen that any determinant containing 
some rows taken from A, and the others from A can in the same way, 
namely, by multiplication by A, be shown to be expressible as a 
determinant of lower order whose elements are p’s. Thus, taking 


A = | a,Byy34|, 
and the determinant of mixed origin to be 


ay a, 3 Qy4 


, , r 
ay UG, ag ay 


/ , , , ) or M, sa ) 
Vee Vompy sys y 
O; 6, 63 04 | 
we obtain 
MA = | Lop Epis 

| Pu Pos + | _ | Poa Pes| _ Dis Pos: 

ie Pu Pss - | Psi 

Epi Past 


When the rows taken from A; correspond with those not taken from 
A, the resulting determinant is zero-axial and skew: thus 


| GQ, G@. G3 | 1 Dye prs 
| Bi Bs Bs Bs ke - P22 Pos a : Pa a (pros) 
| ete ae Ys ; - Pe. P33 Ps2 | se 


Pe Ps 1 
Next taking the equations which define a column of p’s, namely, 


6; oy 63 04 


/ , , 

Qn03 | Gite =. >. Thin dy, — Dig | 
/ , , 

(91 As1 =F A22 Ase - OP FO" 952 + On Asn = Pes | 
, , r 

Ani O31 ate ee A+ ps SPOR RO enna = | ? 


Bardelli, apparently without knowing of Jacobi’s general theorem 
of 1831 (Hist., i. pp. 438-439), deduces 


Ay, Pis + Ae Pos a YORE > Cee Dae a oe 
Pi, +P, - os pan eC ence are ; es 
Going a step further, however, he arrives at the result 


, / , iA , / 
PrPsi + pr2Pso + CoO &] Se Pa Pen = Ay hyy + Op9Mg9 + Death Fe Garnet 
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and thus is able to assert that P? and A; are element-by-element 
identical.* 


Proceeding to a second differentiation, he readily obtains 
uw ” ” 
Ay1 As1 +2 G2 a oe sian ae Ayn Asn = bens 


where ¢,, stands for the excess of p,, over the (rs) element of P?, 
and thence deduces (§ 3) a quite analogous series of results. 


The paper concludes with a statement of the form which p,, takes 
when the orthogonant employed is Cayley’s of 1846. 


MANSION, P. (1877). 


[On a pair of algebraical equations. 
pp. 57-58. ] 


Messenger of Math., (2) vii. 


The equations are 


a—L My 8 A,—€ A, A; | 
bn Os 0 Oe e— YU, | Ba Dea oe ie (= 0: 
Cy C, Ca—2 C, C, Cs—é | 


* Here again, however, there is a more general theorem, quite unconnected with 
the differentiation of the elements of an orthogonant. For we know (Hist., i. 


p- 450, footnote) that if, when | a,By73| ts an orthogonant, there be given 


(a, 
By 
06) 

(a 

B; 

na 


then 


ag 
By 
Y2 
ao 
By 
Y2 


(4 Yb 2, 0X2, Yoo Zq) = 


as Qx,, Yip Z;) = Aas Ver Lys 
Bs 
Y3 


as YX2, Yas Zy) 
Bs 
Ys 


I 


X,, Ye: Z, 


(X,, VGie Z,)Xo, Yas Z,). 


Consequently, if we were given another triad of equations, namely, 


( dG ag YX35 Yur 23) = Xy, Vy, Zy, 


B, Bs Bs 
Vie yo anrrs 

it would follow that 
% ¥ |? = X, Y, Z /? 
Kany o ize X, Y, Z, 
X3 Ys Zs | X; Y; Z;'; 


and that, if the squaring in both cases were done by row-by-row multiplication, 
the resulting determinants would be identical, element-by-element. 
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and Mansion’s observation is that they are connected by the 
relation 
LE = | aybocs |. 


This we have already seen suggested in connection with a result of 
Spottiswoode’s (Hist., ii. p. 308). 


VOSS, A. (1877). 


{Zur Theorie der orthogonalen Substitutionen. Math. Annalen, 
xi. pp. 320-374. ] 

It is only the first two sections (pp. 322-333) of this long paper 
which strictly concern orthogonants. 

A partial revise is therein given of their properties, the definition 
being widened by starting with the condition that the substitution 

Yr = Ay LT Ay2%+... Opp By fe 
is to be such that 
yo tee Unt S(2y tet 4-0,”). 

In this way the square of each of the rows of | a,,| is equal to s 
instead of 1: the square of each of the columns also is s : the square 
of the orthogonant as thus defined is s”: and the words ‘ proper’ 
and ‘improper’ as applied to a substitution correspond to the 
values +./s", —,/s” of the orthogonant. 

This widening, it may be remarked, is not essentially different 
from that proposed by Sylvester (see above, p. 288). For it can 
readily be shown that any element of the adjugate of Voss’ | a,, | 
is equal to the corresponding element of | a,,,| itself multiplied 
by si", and that therefore the ratio of the two elements is 
constant,—which is Sylvester’s criterion. 

Lagrange’s determinantal equation is reached through the some- 
what loose statement that “‘the elements x,, which by the sub- 
stitution pass over into themselves, are determined by the equations 

br = Ante... Stan atl 
that is to say, by the roots of the equation 
BP ye) M49 ogi Key 3 =.(,” 


Ag A22— P 
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The reciprocity of these roots is then established in Bruno’s manner 
(Hist., ii. p. 318) by multiplying by | a,, |, the equation in p, 

L(p) = 9, say, 
being thus thrown into the form 


(—1y"erL(2) = 0, 


and the word ‘reciprocal’ being temporarily widened so as to 
apply to two roots whose product is s. This enables us to note the 
so-called ‘ singular ’ roots, namely, 


+/s, —»/s when n is even and | a, | = —J/s"; 
+./s when nis odd and lanl = Js"; 
—,/s when nis odd and |a,| = —Vs". 


Similarly, from the fact that (Hist., ii. p. 320) the multiplication 
by L(—p) gives 
8 


0 = L(p).L(—p) = p” Be be Nae te mT | 
8 
Ayo 91 jie: Ago — Gog 
13 Gg, gg — Ago Pp 
n 


he deduced that in the first of the three cases just specified, namely, 
when n is even and | a,,| = —Js", the determinant whose (rs) 
element i$ u,—ag vanishes, and so do all its primary minors. In 
the third place he multiplies hy L(p) itself, obtaining 


O-= {L(p)}? ae au —3(p+*) $(ay+ay) ... $ (aint ani) 21 
§ (ao, + ais) tn —4(p+*) atehe d (dont On») 
4 Ani T Gin An2T An see nn 
Manton) Bam+éin) + dan—4(p+2) 


and thence concludes that when n is even and |ai,| = +s” the 
determinant on the right is expressible as the square of a polynomial 
im p+sp. Also, he affirms that for any one of the repeated roots the 
said determinant, together with all its primary minors, vanishes. 
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The existence of equal roots in the equation L(p) = 0 and the 
evanescence of systems of minors of L(p) are next considered, the 
k-line minors being disentangled, so to say, and drawn out in series 
by bordering L(p) by & rows and k columns with a common minor 
of k? zeros; for example, if n be 5 and k be 2, the determinant 
formed is 


1;—P Ap 4) Ay, QN5 by, Oxy 
Oy) Ay —P Az Dog Qo5 by, Doo 
G3) A39 G33—P Ag4 O35 Bs, Dep 
Uy U9 O43 Uy,~—P Up by Oye 
a5) 459 as3 D4 As5—p 95, Bro 
Cy Co C13 Cy4 C15 

Coy Co9 Cog Cog C25 . as 


this being expressible as an aggregate of 10 terms each composed 
of three factors,—a two-line minor of the b’s, a two-line minor of 
the c’s, and a three-line minor of the original.* Multiplication by 
| ain| is then performed, with a result analogous to that obtained 
when the unbordered L(p) was multiplied by | a,,|, the product 
being of the same form as the multiplicand and s/p taking the place 
of p. A theorem is thence readily deduced, and several minor 
results follow. 


IGEL, B. (1877). 


[Ueber die orthogonalen und einige ihren verwandte Substitutionen. 
Denksch. d. k. Acad. d. Wiss. (Wien), xxxix. pp. 29-40. ] 


Instead of beginning as usual with 


C= NEHA HAZE 
Y = my Etmentasl (, PY +2? = L+7+e%, 
2 = wHyE+ vont v3¢ 


* Such an aggregate can be most appropriately viewed asa bilinear form; thus, 
denoting the 3rd compound of the original by | A,,Ao9 . . . Aio,10|, the determinants 


of the b-array by B,, B,, ..., B,), and the determinants of the c-array by 
C,, C,,. .- » Co» we have the interesting alternative expression 

bee ey a oto lBh 

i GR Pete a Aerie 


iy ei eapmeeweay ys a ered aah 


Aioi Aio2 » +++ Aroro | Cy. 
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and then making the four familiar deductions (Hist., 1. pp. 437-438), 
Igel takes as his second datum the reverse substitution 


E = Ayl+myty,2 


N= AgEH Mey +92 / 
¢= Re aay re | 


I 


and deduces the rest. (But see Hesse’s Vorleswngen of 1861, p. 192.) 
Similarly, he starts with the two substitutions, 


a nerves SE = AyT+Agy +Az2 


I 


My E+ mont ugh [Sy = Myo+ My + M2 
WyE+ vont 56 S¢ = WyE+ vey + v32 J, 


and deduces as far as he can analogous results, thereafter making 
an application to Aronhold’s theory of ternary quantics. He uses 
throughout n variables. 


< 
I 


re) 
lI 


GRAVELAAR, N. L. W. A. (1878). 
[Hene bijzondere vergelijking. Nieww Archief v. Wisk., iv. pp. 


113-124. ] 
The equation in question is 
Ay,— 2 Ayo a Lm Ain Fe Os Ss). Shes Oe 
dis Gy—-% .:. fan Di Des ee ane 
Gin Aon Ann—& Dna Dy 2 Pan 0 
b b b a es 
11 21 ni 
by Dey Dn 
beet athe ‘swt bee 


or, say, Lam(x) = 0, 


being thus a generalization of Hesse’s of 1862 and Geiser’s of 1876. 
The object of course is to prove that all the n-m roots are real : 
and the procedure followed (pp. 118-124) is similar to that of 1875 
in the case of m = 0. 
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SYLVESTER, J. J. (1878). 


[Preuve instantanée d’aprés la méthode de Fourier de la réalité des 
racines de l’équation séculaire. Crelle’s Journ., \xxxviii. 
pp. 4-5; or Collected. Math. Papers, iii. pp. 451-452.] 


The proof in question is only a slight variant of Salmon’s of 1859, 
which again, as we have seen, is in essence not really different from 
Cauchy’s of 1829. 

Following upon it is a short paper (pp. 6-9) intended to show that 
the property possessed by the determinant in question is shared by 
one that, though still axisymmetric, is much more general. 
Sylvester’s first step in this direction had been taken twenty-five 
years before (Hist., i. p. 314), and Cauchy’s two years later. 


SOURANDER, E. (1879). 
[Sur ’équation dont dépendent les inégalités séculaires des planétes. 
Journ. (de Inouville) de Math., (3) v. pp. 195-208; or Acta 
Soc. Scr. Fenn. (Helsingfors), xi. pp. 257-271.] 


Sourander, like Bauer, takes the product of the squared differences 
of the roots of the equation 


a—x h g 
h b—x . f = 0, or, say, x?—Pz?+Qr—R = 0, 
g #; c—2 
in the form 


} | 2(Q?—3RP) —PQ+9R 
| —PQ+9R 2(P?—3Q) |; 


but, unlike Bauer and improving on him, he effects the transforma- 
tion of it into 12 times the square of a 2-by-6 array, and therefore 
into 12 times the sum of the squares of fifteen determinants of the 
second order. The essential part of his procedure consists in 


introducing j ; 
15) CcC—a = 
ve’ V6" 6. 
B—-C C-A A—B 
NiGe 0/64" a6 


u, Vv, Ww 


U,V, a to stand for 
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respectively, and showing that 
2(Q?—3RP) = 6(F?+G?+H?+U?+4 V?2+ W?), 
—PQ+9R = 6(fF+gG+hH+uU+oV+wW), 
2(P?—3Q) = 6(P+g+h+w+e+w?) ; 
for, clearly, this at once gives 
wifg%4r2w i? 
cg GL ik Soa dae 


ie. 12{ |fG [2+] gH [2+] AF|2 or 12{ SG]? 


BLEU FE] ga | AW. a1 Ale 
+| FV |?+| gW |?-+| AU |? bey, | Fv? 
+|fW|?+]| gU |?-+] AV |? ep pide Vake 
+| wV [2+] oW [2+] wU |} +S)| uV |?}- 
From this Borchardt’s form (Hist., ii. p. 302) is got by showing that 
lth leh 
DS |wWP=3s|wP=w,a b c 
|aA B Cl, 


—a consequence of the identities 
utotw = 0 = U+V+W. 


Another slight condensation, leading to Bauer’s form, is possible, 
because 


1 ° ° 
\fU| = —g|gH| and -. 12>)/fU f= 23> /f6 [ss 
and a still further, because the derived identity 


[FULLEIAY lal Sad c= 0 
enables us to change the identity 
|FV P+ FW t= SV +1SW + HSV 1 ew lt? 
into 
[FV P+ FW |? = s1s0 FS a ey tlw 3}, 
and therefore gives 


12>) 1 FV P+12D7 | FW |? = 6D | FU |? + 6S (FV |-| FW I)? 


Le Banas fF b+c¢ —2a |? 
BL +> B+C-—2A\. 
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Using all, we are led to Kummer’s form, 


DEC = 2a)” 
ysl + >| Berceeaiuas 


ise| Oo 
er SY Ue 
w 


1 
a 
A 


BORSCH, A. (1879). 


[Ueber ein den Gleichungen der orthogonalen Substitution ver- 
wandtes Gleichungssystem. Zevtschrift f. Math. u. Phys., xxiv. 
pp. 391-399. ] 


The interesting theorem here established is that if the elements 
of the determinant 


TO Sy Re, OO Gm 
Teak 12 eae es, 
1 Xq Xe + + + Xan 
1 Xn Xne Xnn 


be such that the square of each row is equal to 2, the maximum value 
of the determinant is 
[onne. 


pn" 


This is established by showing that as a consequence of the data 
and of the requirements for an extreme value the product of any 
row by any other row must be 1—1/n. It follows then that the 
square of an extreme value of the determinant is 


1 
9 ii qet eee 
vd Wi) 

| elias enilts Rd speek ore ol: 
Wi), nN Nn 
: 1 

oe el iiaels 2 ]—— 
0 nN 

i_t _i P= 2 


n n Tal ns v nt13 


iE 


te ele eee 


1 
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and this being known to be equal to 
(n+1)"7* +n" 
the desired result is reached. 
In the case where n = 2, 3, 4, Borsch is able to give to the 


elements values which satisfy the conditioning equations. These 
values are as seen in the determinants 


hy as a ee hy a pb ee per 
A ss Maat ef owi Nib) os Ss 
V6 —-3| |1 -1¥5 15 —1V5 

4], |1 —1V5 —W5 1W5 
1 ee a fe 


2 


the squares of which are 
27 256 3125 
A OTe Ae GE 
He might also have pointed out that in his procedure is implied 
the theorem that if the elements of an n-line determinant be such 
that the square of every row is equal to a, and the product of any two 
different rows is equal to b, the value of the determinant is 


J/(a—b)"(a+nb)- 


A result known otherwise (see under Roberts 1864, Sardi 1868, etc.) 
would thus have been brought into touch with orthogonants. 


BIBLIOGRAPHICAL NOTE. 


It is probable that the writings dealt with in the foregoing pages 
are practically all belonging to the period 1860-1880 that are 
strictly relevant to the theory of orthogonants. The inclusion of 
papers on the wider subject of orthogonal transformation, though 
justified at an earlier date when orthogonants had scarcely a separate 
existence, would evidently be improper now unless the papers 
involved some new property of the determinant in question. For 
the convenience, however, of students of this branch of linear 
substitution, the following titles are added : 


Paes 


aR eR RR 


a|- 


1853. 
1856. 


1857. 


1858. 


1864. 


1865. 


1868. 


1869. 
1873. 


1874. 


1874. 


1874. 


1874. 
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Hermite, Cu. Sur la théorie des formes quadratiques. 
Crelle’s Journ., xlvii. pp. 313-368. 


Brroscut, F. Sur les séries qui donnent le nombre de racines 
reelles ... Nouv. Annales de Math., xv. pp. 264-286. 


Caytey, A. A memoir on the theory of matrices. Philos. 
Transac. R. Soc. (London), cxlviii. pp. 17-37; or Collected 
Math. Papers, ii. pp. 475-496. 


WelERsTRASS, C. Ueber ein die homogenen Functionen 
zweiten Grades betreffendes Theorem. Monatsb. . . . 
Akad. d. Wiss. (Berlin), pp. 207-220; or Werke, i. pp. 
233-246. An account of it is given by Brioschi in Annali 
di Mat., 1. pp. 250-255. 


CHRISTOFFEL, EH. B. Verallgemeinerung einiger Theoreme 
des Herrn Weierstrass. Crelle’s Journ., lxiii. pp. 255-272. 


Henrici, O. Transformation von Differentialausdriicken 
erster Ordnung zweiten Grades ... Crelle’s Journ., 
Ixv. pp. 1-25. 


Wererstrass, C. Zur Theorie der bilinearen und quad- 
ratischen Formen. Monatsb. . . . Akad. d. Wiss. (Berlin), 
pp. 310-338 ; or Werke, ii. pp. 25- 

Cantor, G. De transformatione formarum ternarium quad- 
raticarum. Dissert. Halle. 


BacHMANN, P. Untersuchungen iiber quadratische Formen. 
Crelle’s Journ., |xxvi. pp. 331-341. 


Darsoux, G. Mémoire sur la théorie algébrique des formes 
quadratiques. Journ. (de Liouville) de Math., (2) xix. 
pp. 347-396. 

Hermite, Cu. Sur la transformation des formes quad- 


ratiques ternaires en elles-mémes. Celle’s Journ., xxvii. 
pp. 323-328. 


Rosangs, J. Ueber die Transformation einer quadratischen 
Form in sich selbst. Crelle’s Journ., Ixxx. pp. 52-72. 


LemonnieR, H. Mémoire sur la transformation des formes 
quadratiques. Bull. Soc. Math. de France, iu. pp. 48-76. 
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1876. Tannery, J. Sur les substitutions linéaires par lesquelles 


une forme quadratique ternaire se reproduit elle-méme. 
Bull. des Scr. Math., xi. pp. 221-233. 


1877. Fropentus, G. Ueber lineare Substitutionen und bilineare 
Formen. Crelle’s Journ., |xxxiv. pp. 1-63. 


1878. STICKELBERGER, L. Ueber Schaaren von bilinearen und 
quadratischen Formen. Crelle’s Journ., xxxvii. pp. 20-43. 


These, of course, would be taken in conjunction with the footnotes 
on pp. 313, 314 of Hist. ii. and the matter to which the footnotes 
refer. 


CHAPTER XII. 
PERSYMMETRIC DETERMINANTS, FROM 1836 TO 1879. 


Ir is necessary to note that two of the papers dealt with here do not 
belong to the period of the present volume, and that, indeed, one 
of the two bears a date prior to the period of the second volume. 


SCHELLBACH, K. H. (1836). 


[Ueber die Gaussischen Formeln zur naéherungsweise Berechnung 
eines bestimmten Integrals. Crelle’s Journ., xvi. pp. 192-195.] 


Schellbach reaches the set of 2n equations 


A+ B+ Cet PASO ON tee] 
aA+ BB+ yC+...+ %iN=0 
@WA+ BB+ yC+...+ Y7N=} 
B®A+ 6B+ yC+...+ 8N=0 
@A+ BB+ y40+...+ YAN=] 


a tA + B?-'B +y?7C+ ae fy IN — (9) 
in seeking to make 
Ad(a+ab) + Bé(a+6b) + Ch(at+yb) +... + Ng(a+vb) 


a satisfactory approximation to 


a+b 


(x) dx. 


a-b 
The determination of the n-+n quantities 
ADC ase, 
GCs tow aes 
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so as to satisfy the set of equations, ensures that the integral when 
expressed by Maclaurin’s theorem as a series in ascending powers 
of b will not differ from the approximation until the term containing 
b**! is reached. The essential part of Schellbach’s solution consists 


in showing* that a, 8, y,..., v are the roots of the equation 
o2 
Aye (2 —lj"= 
: is n(n—1) 2 , 2(n—1)(n—2)(n—3) Y aH 
v.e€ «@— 2(2n—1)” +7, 30n—1)On 3) Dn 3) e" agke p 
or, as we may write it, 
Gains an? CusCcaa a  Cawen a aes 
xan — SOs = 0. ot grt — 26 rel Fant et . = 0. 


JOACHIMSTHAL, F. (1854). 


[Bemerkungen iiber den Sturm’schen Satz. Crelle’s Journ., xlvui. 
pp. 386-416. ] 


Joachimsthal brings forward the set of equations connected with 
Gauss’ problem merely as an illustration ($16, pp. 411-413) of his 
general subject. The set, however, differs from Schellbach’s in 
having for the right-hand members 

a % 3 t> : . 
instead of 1,0, 4) OP, see 
His method of solution is the same as Sylvester’s. (Hist., ii 
pp. 333-335.) 


The recurrence-formula which had been given in 1835 by Jacobi 
for the determinant 


a, Qa as mero mes il 
Vee): eee 5 ae A Opa | 
| 
deed, eae ot SO | 
Ont1 Anse Onyg +--+ Ann 2” 


he is led to establish anew (§ 9, pp. 397-398), the method, however, 
being still not purely determinantal. 


* But see Jaconi, C.G.J. Ueber Gauss’ neue Methode, die Werthe der Integrale 
naéherungsweise zu finden. Crelle’s Journ., i. (1826), pp. 301-308. 
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LIGOWSKI, W. (1861). 


[Nachtrag zu der Abhandlung “Ueber die Inhaltsberechnung der 
Korper.” Archiv d. Math. u. Phys., xxxvi. pp. 181- -185.] 


Ligowski, while on the same track as Schellbach (1836), reaches 
the same set of equations as Joachimsthal, and solves them in 
Sylvester’s way. What is new and interesting is his evaluation 
of the special determinants to which Sylvester’s method leads. The 
first of these is the determinant got by leaving out the last column 
of the array 


Fem eeaih 
2 3 n n+l 
1 ] 1] ] 1 
Pie 4 naan se? 
1 1 il 1 il 
Sime 5 n+2 n+8 
il 1 il 1 
UR AOE SIL Gye 58 SOS ee yet 


This he has the insight to recognize as a case of Cauchy’s double 


alternant 
1 1 1 


1 P14 OTe 0s faa Oy, 

oi Se 1 

b Og Drees 2 tas 0, 
1 1 1 

ee leh an— Be “AG lee , 


namely, the case where the a’s are 


N21, n+2, n+3, Ca se See), 2n, 
and the @’s 


nm, n—l, n—2,...., 1, 
and where therefore the general value 


—1)2"" Vb g,, parents, ). (B,, hints 00) ais I (ar— 8) (ar—B,) - « 


—B,) 
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becomes 
fates) LEZ S leet) (1) 1b 2) Sie (nal) 
Gal) nm (nti)! (n+2)! @n—1)! : 
1 Tht oe ole old (n—1)! 
ong [1!2!3!... m—IIp 


ni (n+l)! (n+2)!... (2n—1)! 

The other determinant* is that got from the same array by leaving 
out any other column, say the (k+1)'", and is made dependent on 
the double alternant also, the a’s this time being 

n+2, n+3, n+4, ..., 2n+1, 
the (’s 
n+l, n, n~l,..., n—k+2, n—k, n—k—1,..., 1, 
and the value of the determinant 
[ur2:3:... @—l)! Bai (nth! 
(kK)? (n—k)! (n +1)! (n+2)!... (2n)! 
The quotient of the latter determinant by the former, namely, 
(n!)? (n+h)! 
(k!)? (n—k)! (2n)! 
is, save for a sign-factor, the value of one of the unknowns corre- 
sponding to those which, in Sylvester’s paper, were denoted by Dj, 
DAirre2, ..-- The value had already been obtained (1832) by 
Murphy without the use of determinants. 


HANKEL, H. (1861). 
[Ueber eine besondere Classe der symmetrischen Determinanten. 
Dissert. 29 pp. Gdéttingen.] 
The special determinant with which Hankel is concerned is the 
persymmetric, but he does not speak of it as having been previously 
considered, and names it orthosymmetric. It and the special form 


th ay A, Ay oiaee a, Gy, see Un-y | 

Lae age" ass Celts a. le 

1 as asc, ace 1304 6.5 O_ 4) (P’) 
] fine Hntace,s Wise Rata eee 


* Apparently not seen to include the former. 
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he points out, are fundamentally related. By dividing each row 
of a persymmetric determinant by the first element of the row a 
determinant of the form (P’) is evolved, and conversely, by multi- 
plying each row of (P’) by the first element of the corresponding 
column, persymmetry makes its appearance, the connecting equation 
being 
Te ae eee G3 Q Pia. Avis ae oa tees dons) 
= Pu Oy, A, Ag, A;AgAs, . - + , AyAg--- Cone) 

By performing on the persymmetric determinant of 


Uy, i, Oey 88 3s Cann 
the operations 


col,,—col,,_,, col,_,—col,., ...., col,—col,, 
then on the resulting determinant the operations 


col, —col col, 1—col,_., «..-., cols—col,, 


nr n—-1) 


and so on, there being one operation fewer each time, there is 
obtained the determinant 


| (1) (2) (21) 
| uw, . jay Saeco AN | 
(1) (2) (n-1) 
a a, : | SC ; 
(1) (2) (n=1) | 
a, A. Slee ne 
is 2 A; A; 2 
| ae (2) (n—1) 
| Oe Baek Oey wan A 


Next this is treated in an exactly similar way, save that it is now 
the rows that are operated on, the outcome being 


1 (2) (n-1) 
eo aes meses oN 
9 3 (1) 
AGS.” AtgsbAG [at - = eS 
A 


he 2) 


| 
| 
2 3 (4) (n+1) 
4 (2) Aor esl | 
3 m) (n+1) | 
A” ) A" NG 
Hankel has thus his fundamental theorem, namely, that the 
persymmetric determinant Of My, By, ype 225, Bing ts equal to the 


persymmetric determinant of the first members of the 2n—2 difference- 
series of the a’s. As illustrations he uses the well-known case 
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where a, = & = ay Faye . . ta‘ and the case where a = a,+ 
a constant. 

The next section (§ 3, pp. 7-11) is occupied with the discussion 
of the case where 


a, = (wtk—a,)(at+hk—ay) ... (et+h—a,), 

and where therefore the constituents of the «'" difference-series are 
each equal to «! The value of the determinant is thus seen to be 

(—1)"—(n—1)!}"— or 0,~ 
according as « = or <.n—l, that is to say, is in both cases inde- 
pendent of the a’s. By giving the a’s the values 

0, —l, —2,...,—u+1 
in the first of these two results, and performing on the determinant 
the operations 

col,—col,, col,—cols, ..., 
it is possible to remove the factor (n—1)”~' from both sides, then by 
similar means the factor (n—2)"-*, and so on, the final outcome 
being 
P’(e+n—1, wn, ..., 2+8n—4) = (n—1)'(n—2)*. os (2)°= 15, 
a result easily proved otherwise. 

The fourth section is devoted to the case where 


he (l—g*)(1—q?t!) ... (1—g*t#-1) 
k (1—q?)(1—qv3 4) ska (l—qyt*=1)’ 


Here, on the removal of the requisite factors, the P’ form is readily 
seen to be 


; 1—q 1— qo?! ]—qr+2"-8 

(a ey ee es) or, say, F(a, y), 
and on utilizing the column of 1’s to reduce the order it’/is found 
that F,,(a, y) and F,_,(a+1, y+2) are connected by a factor. 
Repeated use of this result is then all that is wanted for the purpose 
in view ; but the connecting factor being 


(—1)*=3 f qh (r-I)(n-2) a (q¥—q?)"-? h 
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where = A = (1—g)(1—q?) . . . (l—g""’), 
and B = (l—q@)(1—q**)2(1—qrt?)? 
x (L—gr* "= 8)2(1 —qrt*-?)2(1 —qv+*-1), 


the expression obtained for the determinant is neither short nor 
simple. Among the interesting specializations made there may 
be noted 
. fo ig ee 

(1 )t0e—0) Sanda eer aoe 

(26g sl ay) 4-0, ands.” 97 =" 0: 

(3) 00 al a5 oo aie? == .0: 

Section fifth concerns sets of linear equations of the type 


r=n 
ApH + Opry Bot... +Orynilnt+Grin = 0 hase 


whose determinants are the persymmetric forms dealt with in the 
preceding sections. Section sixth is a continuation, the special 
set of equations considered being 


ee of a 
Vir Vr WAR +1 Y ie - Vran—2 Yr ao 9 Vr+n-1 a 
The last section (pp. on is paca with the transformation of 
ltavtagt... 
into a continued fraction of the form 
1 pie pst 
1—1—1-. 


The resolution obtained is accurate so far as it goes: it leaves, 
however, a misleading impression in that the expression reached 
for pyn is different from and more complicated than that for p,,_,,. 
The details need not be given, as, on putting 


Dil ul Dog Oaee  e— O) 
in Heilermann’s result of the year 1845, we obtain 
Ay +ae+ae+... 
_ Ay Aw Aw A Ase A Awe AAsx 
SSS, a, TAD SH, OS ee 
ites 2 @A,/A, @A,/A yA, 2A, A,/A,A, Pee Sas 
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where A, = ad, A; = YG, 


A, =| 4% |, As =| % a |» 
| A A Ag a3 
Ag = he@o wiGruide teres. if Gn) Ge @as wees 
@ Gy Gs G As 
| Gz Ag ay a3 Ay 45 


which is what Hankel would have been led to had he gone a little 
farther. 


SYLVESTER, J. J. (1862). 


[Sur une classe nouvelle d’équations différentielles et d’équations 
aux différences finies d’une forme intégrable. Comptes Rendus 
... . Acad, des Scr. (Paris), liv. pp. 129-132 ; or Collected Math. 
Papers, ii. pp. 308-312. ] 


The existence of the equation 
Un — Piles + Pling2—PUerstUra = 9, 
where p,, 2, Ps; are constants, implies that 
Us Unt Unys Uns 
Ups Usye Unys Uns 
Unt. Unts Unis Uns 
Uns Unes Unys Uns 


is independent of x; for if we perform the operation 
TOW, — PyTOWe + P2lOWs — p3lOW, 


and make use of the said equation, the determinant is simply 
changed into 


a Uzi, Un45 Unzo Unsz 
| Urs User Unys Uses 
| Unyr Uzas Une Unss 
| Vets User Unes Uns |, 


—in other words, we learn that the given determinant is not 


altered by substituting x+1 for a. From this Sylvester concludes 
that the difference-equation 
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| 
Us Uge1 Us+e see Ugen-i 
u u u bi: eremaes 1) 
2+] x+2 2+3 cat = constant 
Untn-1  Usin Uerngi + + + + Uaren—2 


is satisfied by the same integrals as the equation 
Ug — Pigs + Plesa— ro os ge ( =) te porac ot ( =1) "Usnsn = 0. 


An analogous result is obtained in regard to the differential 
equation 


| dy ay dy 
y dx ay? dx—! 

jdy ty dy any 

| dx dz? dx Es ie = constant, 
dry d"y dey din—y 

dz” dx” da 1 dx n—2 


where the determinant is seen to be a special form of Wronskian. 


HANKEL, H. (1862). 
[Ueber die Transformation von Reihen in Kettenbriiche. Zevt- 
schrift f. Math. u. Phys., vii. pp. 338-343. ] 
This is merely a fresh presentation of results already known : 
for example, from Brioschi (1854) and Sylvester (1850). (Hist., 
ii. pp. 343-346, 333-335.) 


SYLVESTER, J. J. (1863). 
[Sequel to the theorems relating to ‘canonic roots,’ . . . . Philos. 
Magazine, (4) xxv. pp. 453-460; or Collected Math. Papers, 
ii. pp. 331-337. ] 
A simple problem here solved is the elimmation of x from two 
such equations as 


Lo ae ee =O, i ah ere es 
oC ed Gag oe 
bt a € OC 
Cas we aa 


318 HISTORY OF THE THEORY OF DETERMINANTS 


the eliminant found being a power of 


ar: ee 
Decl 
c de 


Possible extensions of the problem are indicated. 


WHITWORTH, W. A. (1865): ZEIPEL, V. v. (1865). 


[Of recurring series. Ozford, Cambr. and Dubl. Messenger of Math., 
il. pp. 117-121; or Math. from Educ. Times, iii. p. 100.) 
[Determinanter, hvars elementer Aro binomialkoefficienter. Lunds 
Univ. Arsskrift, ii. pp. 1-68.] 

Whitworth’s paper is summed up in one proposition, namely, 
If cy+e,x+c,x?+ ... be any convergent recurring series of the r 


order of recurrence whose first 2r terms are given, its scale of relation 
will be 


phat mitts tie he hae | 
lity wali Ney ok Ce, Pe te ee 
eh Te Race, Rte | 
Chase COU. Pace Cy 
Oj) GS Pe erent | 
| | Cram erg Grae = se Coreg I, 
Cry C, Cea een ere, 
and its sum to infinity will be 
Oi oS) Bake pati ed le Fae tes | 
CrmeCy Cy eee Cy et Cpaea aie cs Ce 
Cn Cy c Guat) co | Cee Comme Cat 
CMe c. Caos Sores Coy Ch Oy eee. micn wate 


where s,, denotes the sum of the first m of the given terms. 
The ‘ scale of relation ’ being of the form 


1+68,7+ Bw+ ... +80", 
there are r equations 
%8,+¢,8,1+ ... +e = 0 
6,8, +B at... $64, = 0 | 


Crip Op pnt ek 6. i ee eee | 
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which lead to the determination of the 8’s and the finding of the 
actual scale as enunciated. Now, by multiplying the series by the 
scale of relation, it naturally is found that the product, unlike 
the multiplicand, is limited in the number of its terms, and we have 
then little more to do than to take the quotient of this product by 
the scale in order to reach the desired expression for the sum. 

If the idea of a ‘formula of recurrence’ be used instead of a 
‘scale of relation,’ the first of these results takes the form: If 


Co, Cy, Co... . be a@ recurring series of the r” order, the recurrence- 
formula is 
Comey Ci Cy si acwagh' SiC 
Cac cs asd nate. 
70, 
Cry Cy Cr4y aoa oe Wye 
CC ee EEC tee entre LCR 


Zeipel’s memoir we deal with under its own heading (Chap. XX.) ; 
its single persymmetric determinant 


(™)p+r (tiv), Aen) ote seeessa te oy (172)5 Bo 
(M)ptr-1 (M)ptr-2  (M)pprg os (Mp1 
(M)p+r—2 (™)p4r-3 (1) ptr sPieS ieee (M)p—2 
(™m),, (™)p-1 (mM), -» eee LUO: 


cannot well be considered apart from other forms. 


FONTEBASSO, D. (1872). 
[I primi ELEMENTI DELLA TEORIA DEI DETERMINANTI, . . 
vili+134 pp Treviso.] 

Fontebasso proves that the n-line determinant whose elements 
in the secondary diagonal of the complementary minor of the 
(n, n) element are zeros and all the others units is +1. He does 
not observe that the set of operations 


TOW, —IOwW, 1, TOW,-1—TOW,-2, 


gives at once the result 
( — 1), 
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McKENZIE, J. L. (1874). 


[Question 4526. Educ. Times, xxvii. p. 166; solution by R. F. 
Scott in Math. from Educ. Times, xxv. pp. 106-107.] 

The theorem brought forward by McKenzie is Joachimsthal’s 
of 1854 (Hist., ii. pp. 169-170). In Scott’s proof the determinant 
concerned appears as the result of eliminating the coefficients of 
the related'equation. 


GUNTHER, 8. (1875): MUIR, T. (1876). 


[LEHRBUCH DER DETERMINANTEN-THEORIE, . . . vill+236 pp. 
Erlangen. | 


[New general formulae for the transformation of infinite series into 
continued fractions. Transac. R. Soc. Edinburgh, xxvii. 
pp. 467-471. ] 


Giinther’s contribution (p. 88) is that when the series of distinct 
elements in a persymmetric determinant are in equirational pro- 
gression the determinant vanishes; and Muit’s result, involving 
persymmetric determinants, is a rediscovery. 


McKENZIE, J. L. (1878). 


[Question 5622. Educ. Times, xxxi. p. 114; solution by R. F. 
Scott and others in Math. from Educ. Times, xxxviii. 
pp. 86-87. ] 


The ‘ question * here concerns the primary minors of 


| 8 Sy So Ce ata 

| $y taste Sn4i 

| 

| S$, Sy S4 s Be) Snag 

\ 

\ Sn Spi Sp42 8-58 Son, ly 


in which s, stands for the sum of the 7" powers of the roots of an 
equation of the n“” degree, and the value of which is identically 0 
(Hist., 0. p. 353). 
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Taking the case where 1 is 4, we clearly have 


Lgsethpaset oS. | = | aB 25%! | 
EB pe) ees Kae | = | a°Bly76? | -(at—La-a?+ LaB- x? 
PGS Avge ee —ZaBy-x+aBy6) ; 
a 8B py & a 
ae 8 y Ng a> 
at Iss y* ét at 


and putting y for x in this and exchanging the first and last columns, 
we obtain 


Be Wael lies 38 |e Pay yt 28 ca 
ho ee eS ee —DaBy-y+aBy6). 
ae ei 
ya@& & YY & 
ya B ~p & 


y* a‘ ex y* ét 
From these by multiplication there results 
WOR ilps Ue eae 
Sy ES cre ON 
ZS 85 85 84° 85 
a Ss 8s Sg Ss Se 
a> 85 84 S5 Ss, 8; 


t* 8, 85 8 S$, 8, 
= |a°Bly6 |2- (at — 2a-a* + LaB-a? — .. .) 
(y= Za-y = DaBey? = 2 wy) 
But if we denote the adjugate of the cofactor of the zero element 


in the six-line determinant here by | So9S11S22533944 |, the left-hand 
member is equal to 


Le a ees 

Soo Sor Soe Sos Sou | } 
Sip Su Se Ss S| 
Soo Sp Sye Sis Sy a? 
Say Sgr Syo S33 Seu | 2 
So Sa See Sys. Sag | a5 
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and if we denote 
1, Za, LaB, DaBy, VaByd, by ec, €,, C5; Cy, Cy; 
the right-hand member is equal to 


| vB y?53 iz — UP ieatels y : lene ual 
Cor — Coy Cole + — lols CeCimcts 
— CC CP wi=2 bie, CC3 —GCq | x 
C2Cq — —— Cn°y Co7  — 0203 CoCq | U? 
— C5C9 C30; — Cals Cy —CeCq —@ 
Calo —CgCy Calg —C4C5 6, 4 ks 


Consequently we have, by equating cofactors of 2’y’, 
ie oe | a°Bly?658 i : DY pe oe a 
This may be viewed as a generalization of a previous result, for 
on putting s = n it becomes 
Sin = | a'Bry*d? |?-(—1)*"e,_,, 
which is not essentially different from Bellavitis’ statement regard- 
ing the c’s (Hist., iu. p. 182). 


WOLSTENHOLME, J. (1878). 


[MATHEMATICAL PROBLEMS,.... 2° edition. x+480 pp. 
London. ] 
The result intended to be stated (p. 276) is that 
P(1, cos6, cos20,.... , cos 2n—2-0) =0 


for all values of n greater than 2. Scott (1879) affirms the same 
for the similar determinant whose elements are 


cosa, cos(a+@),...., cos(a+2n—2-6), 


and adds that when n is 2 the value is —sin20@. 


SYLVESTER, J. J. (1878). 


[On the theorem connected with Newton’s rule for the discovery 
of imaginary roots of equations. Messenger of Math., ix. 
pp. 71-84; or Collected Math. Papers, iii. pp. 414-425.] 


In a postscript to a postscript Sylvester enunciates the proposi- 


| 
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tion that if f, = (a, a, a,..., a§x, y)', then the persymmetric 
determinant 

erga tie ti Fite 

i-e+1 fi_e42 Dino: 0 He = aye H(t), 

Fire Nuva Doe =o ieee 


where the cofactor of y**t” is that covariant of f,,. whose highest 
power of x has for its coefficient the persymmetric determinant 


EB oad il ea, Boab 
Qperag Ge) ee deny 
en ee tes ae a te ae ae 


There can be little doubt that this is incorrect, even when made 
consistent by altering f,,.. into fi,s., and that the determinant of the 
f’s was meant to be not of the (2e+1) order but of the (e+1)" 
order, so that the last row and last column should be changed into 


ik Fix» Fise, OE ab fd Fine: 
The process of proof followed shows signs of equally hasty construc- 
tion; and is quite unnecessarily complicated, since all that is 
wanted is a simple diminution of the columns in backward order, 
and thereafter of the rows in like manner. Thus, taking the case 
where 7 = 3, e = 1, we have 
Agt+ayy Agu? +2a,cyt+acy? agv+.. . +a3y% 
Ax? t+Qazytay? agr?+...+asy? ati+... +a,y'* 
aget... +agy* att... tay! agP+... +4," 
Agt hy AX + Ay gl —-A3y 
agtt+... tay? awt+... tay? ag... tay? 
agvet... tay>® a+... t+ay> a+... +azy* 
agttay array at ay | yO 
AyL+AY Agi +A3Y Agl+A4y 
AyL+A3Y Gg¥+AgY Agl+O5y 


ype 


2, 2 
Gy A Mg |H® + | Gy A A |22Y +] By A M3 [TY + | % AM Ag 
A, A, ae | A, A, Oy Gy, Ag A, Ap Ag My | 
Ay Gz M4. Gy Og Us | Gy M, 8 Az A, Us| 
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Indeed, if we put 
(Gps eat 9 o arenes Uae ee 8) 


and take note of the relation repeatedly used in the transformation 
just made, namely, 


(r,s) — a(r,s—1) = y(r+1,s—}), 


we obtain. the identity 


(0, i—e) (0,t—e+1) (0,7—e+2) .... (0,%) 
(0,i—e+1) (0,4—e+2) (0,i—e+3) .... (0,741) 
(0,71—e+2) (0, ayonies (0, peer cic « (0, 4-4-2) 

(0, ) ©, ina) (0, i-+2) Sra Ones 
(0,i—e) (1, 7—e) (2, 1—e) oi Ere, w—e) gfetyy 
(1,a—e) (2, i—e) (3, 1—e) .... (e+1, t—e) 
(2,i—e) (8,71—e) (4, 1—e) 23. (€4+2,4—€) | 

(é, oe (ule (e+2,7—e) . ee (26, i—s | 


which may be viewed as a preferable form of Sylvester’s theorem. 
In it, it is interesting to note, the persymmetry of the given deter- 
minant is due to the set of second index-numbers of the elements, 
the first index-number being 0 throughout, whereas in the determi- 
nant which results after the removal of the factor y+” it is the 
second index-number that is invariable, the persymmetry being 
due to the set of first numbers. This means that in every element 
of the latter determinant the highest power of z is the (i—e), and 
that therefore the first term of the resulting binary quantic is 


Up Op <2 VES oe. 0k, Lees ia 
Gy Ue a cee Weary | 
De? Hg VET a, oe age 


il 


He eat Deyn 2 2 2 » Aye | 
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SCOTT, R. F. (1879). 
[On some symmetrical forms of determinants. Messenger of Math., 
vill. pp. 131-138, 145-150.] 
Beginning with the evaluation of the persymmetric continuant 
K(btb%) ...) (see chap. xvii. at end), Scott passes on by two easy 
stages to the result 


CW coddosiy Gal 
‘ ; ce sibii<aiee: a(e—by—b(e—a)” 
b Cow... GY ah , 
aed but box ese 
adding that the determinant got from this by bordering it axi- 
symmetrically with 0, 1, 1, 1,..., 1 is equal to 
(CAO ee 
a—b ; 
and that the determinant, no longer persymmetric, got by changing 
the ¢’s into ¢,, ¢,,-.., Cn, is equal to 


agp(b) — od Dap where ¢(”%) = (¢,—2)(¢,—@) ... (Cn—Z2). 


(0 pes 


He next devotes considerable space to the determinant which is 
identical with the above as regards its main diagonal and the two 
contiguous minor diagonals, but differs in having a c in all its other 
places. This is followed by one still more fanciful, and then he 
returns to forms like Sardi’s of 1868. 


On account of the connection of persymmetric determinants with 
Sturm’s Functions, the following writings dealing with the latter 
and reproducing previous results in more or less fresh forms are 
worth noting : 

1862. Harrenporr, K. Ueber die Sturm’schen Functionen. 
Dissert. 54 pp. Gottingen. 2" Aufl., Hannover, 1874. 
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1866-7. GitBeRT, Pu. Sur les fonctions de Sturm. Journ. (de 
Liouville) de Math., (2) xii. pp. 87-97. 

1874-5 DarBoux, G. Mémoire sur le théoréme de Sturm. Bull. 
des Sci. Math., viii. pp. 56-63, 92-112. 

1878. WenpLanpT, H. Die Sturm’schen Functionen zweiter 
Gattung. Archw d. Math. u. Phys., xii. pp. 1-77. 


It is also worth noting that Jacobi’s paper of 1845 (Hist., ii. 
pp. 326-330), dealing with a special problem connected with the 
approximate representation of functions, is followed up by Frobenius 
in his paper “Ueber Relationen zwischen den Naherungsbriichen 
von Potenzreihen ’ in Crelle’s Journ., xc. (1879), pp. 1-17. 


CHAPTER XIII. 


BIGRADIENTS, FROM 1859 TO 1880. 


HirHerto the only bigradient considered had been that which 
originates in the process of dialytic elimination: and although in 
the period now reached bigradients of other origins make their 
appearance, it is still Sylvester’s that claims the greatest share of 
attention. Note needs consequently to be taken that on account 
of the existence of Bezout’s eliminant, which of course is equivalent 
in substance but which in form is axisymmetric, a difficulty of 
classification arises, and that we adopt what seems the most generally 
convenient course of not attempting to separate the two. Proposi- 
tions, therefore, which concern the axisymmetric eliminant of two 
binary quantics will be found as a rule under our present heading. 


BRUNO, F. FAA DI (1859). 
(Tutorre GENERALE DE L’Evimination, ... x+224 pp. Paris.] 


In his section on the highest-common-divisor (pp. 47-52), Bruno, 
denoting the r Sturmian remainder of 
Cott OE. ae sg tO dn at ak aes 
by R,,, finds for it the expression 


l= m-r+l | hy ay Qo ae ores Cap 43 

Se Ay ay o ao 6 a Obra hrs = 
x fs 

By - ++ + Aoy-g Aor4i—s 

’ : ee On sr 

by by by re a Dap —1 Dopt 
by b, Days Don4t—1 

Des bya > 
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where X, and R,/), are the “allotrious factor” and “simplified 
residue ” of Sylvester (1853). He must, however, have overlooked 
the question of.sign, for the example which he gives, namely, 


1 {| % % % a | dy My ag (@ + | Ay a M% 
be Ut e e Oger 10s | ol oe 
by b, | . by by by b, 
as the first Sturmian remainder of 
agw+a,e+....+a, b,x? + ba + b,x+b, 


is incorrect in this particular. His method is more direct than 
Sylvester’s : indeed, it would seem that the expressions which the 
latter obtained in 1840 (Hist., i. pp. 236-238) as the result of dialytic 
elimination were only thought of at a later date as being connected 
with the Sturmian remainders. He, however, claims the earlier 
date,* and ought on the like ground to have viewed Jacobi as 
having forestalled him in the matter of his other set of expressions 
for the same remainders, namely, those in which the cofficients are 
minors of the condensed eliminant.+ 

In the section on the properties of the resultant (pp. 68-81) 
he recalls Richelot’s theorem of 1840, that 7f w be a common 
root of the equations 


a X™-+a,x™ +... = 0, bX oP a ae een 
whose resultant is R, then we have 
oR OR | _ oR o.e m. m—-l. am | 
tata ke Soe SAW t We eee eae 
oR ‘ oR. : oR n n-1 


This is not brought forward as a theorem in determinants, but for 
comparison, when n = m, with Jacobi’s theorem of 1835 to the 
effect that the signed primary minors associated with the elements 
of any row of Bezout’s condensed eliminant 


*Syivester, J. J. On the theory of the syzygetic relations . . . Philos. 
Transac. R. Soc. (London) (1853), art. 9 pp. 426-427. 


+Jacosi, C. G. J. De eliminatione variabilis . . . Crelle’s Journ., xv. (1835), 
§ 15, pp. 119-121. 
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|aob, | |apbo| 
[apby| — |aobs| + |a,be| 
are proportional to 


-1 —2 
Wo semhabte yy oe cee 


In the section on common roots (pp. 81-84) he obtains such 
a root when it is solitary by taking any one of these three series 
of proportionals and dividing one member of the series by the 
member immediately following. When the number of such roots 
is & he has recourse to the Sturmian remainders previously found, 
stating for comparison Lagrange’s set of conditions : * 


oR OR aR 
R => a ——J —_- = —————— 
®, Cm : 0a” i a ees oa* re 


TRUDI, N. (1862). 
[TEoRIA DE DETERMINANTI,.... xii+268 pp. Napoli.] 


To Trudi is due the first methodical exposition of bigradients, a 
nineteen-page chapter of the first part (Teoria) of his text-book 
being specially devoted to them, and several chapters of his second 
part (Applicazionr) making constant use of them. 

The nineteen-page chapter or section (§ xi. pp. 94-112) bears the 
heading “ Matrici e determinanti a due scale.’ It contains, first of 
all, careful explanations of the various expressions which he finds 
necessary to use in a special sense while dealing with such determi- 
nants; for example, scala, scala di grado r, scala diretta, scala in- 
versa, scala completa, etc. He next gives an account of the simple 
properties of bigradient arrays, or, as he calls them, two-scale matrices, 
and introduces a notation for them, writing 


(2), 

(Lo), 
to denote the bigradient array in which the elements a), a,,..., Um 
are repeated 7 times, and the elements b), b,,..., bn are 


* LaAURANGE. Réflexions sur la résolution algébrique des équations. Nouv. 
Mémoires ... Acad... . Berlin, 1770, 1771; or @uvres completes, iii. pp. 205—- 
421 (227— 229). 
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repeated s times, a) and b, when furthest to the left being in 
the first column, and a,, and b,, when furthest to the right being 
in the last column, Clearly, the notation would have been less 
imperfect if written 

| (Gone ein 


DS prt PRA SO 


For example, the bigradient array 


Oy (Gy. Uy Ng hg Og ~ gts Oy see nl 
dp G, Uy Ay G& As Ag Ay 


1 2 bs b, 
el Srl ad ap | 
by. BOE De 


Ml Dpmedtieabite Bad 
might with fair appropriateness be denoted by 


(Gos eats lens 


Fe ra 


the only weak point then being that the introduction of the 6 is 
uncalled for, on account of the necessary equality of m+r and 
n-+-s, either of which specifies the number of columns in the array. 
It is a convenience, however, to have both the outside suffixes 3, 6 
in front of us, because their sum gives the number of the rows, a 
sum we should otherwise have to know from m-+2r—n. Instead 
of all the determinants of such an array being viewed, as hitherto, 
of equal prominence, Trudi only concerns himself with the first two 
of the ten, namely, those which have in common the first eight 
columns of the array. These n—r+1 determinants he designates 
not very happily “ the successive determinants of the array.” The 
name “principal” which he gives to the first determinant of all 
may be advantageously translated “leading.” 

The number of bigradient arrays associated with the two sets of 
elements 


’ 


Ao, Ay, Lo) Amy by, b,, Perens! 5 De 


0» ° 


nes 
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is evidently : thus, in the case where m,n = 7,4 the arrays are 


se 9, Qy)5 


» by)e 


(las 


(On eee 


? Cy)» ] 


» dads | 


(aa, cae 


(be 


Ei); 


te 


’ 


(Ce eyes » dy), | 


| Guenerh a oe 


the last, where r =n, being square, and therefore preferably 


written in the form 
Cy (by) 


ot 102) 


| (tos x. 


i (bo, 


These and other preliminaries being settled, he is in a position 
to deal with an important theorem on the subject of what we may 
call the condensation of a bigradient array. The proof given is, 
unfortunately, not at all so simple as it might have been. We 
shall therefore substitute for it one of our own, which Trudi himself 
would probably have devised had he been aware of Cayley’s work 
of 1845. Taking, first, a case in which m = n, say the case 


Cpe i oe) OR I ok 
le ACUTE MEL ont 
4 TE eee 7 th (los toes 
‘ent pide hal anal 4 iceeter 
2 Oi ih. US ie tin 
VetaO ios Os | 0; 
we multiply the determinant . 
19 oe yg by 
if . . — by —b, 
1 —-bh —b, —b, 
Gen dy ads 
hy ba -Gs 
Xo 


seatha)s 


? b4)3 


’ 


by the given array in column-by-column fashion, obtaining (Hist., 


il. p. 34) (My Uy Ag As Wy 
me Aa a, ome 

Kcopreat-oti gs | il | metic tS athe Ay 

(bo, 220g b,)s | : |, | |4ob2| 


. |aob.| [abs] + |a,b,| }aob,| + |a,5,| |a,0,| 
- |@obg| |@o,| + |a,05| |a,b,] + |a.b,| |aeb,| ||- 


MU, 
As A, 
|b. | pd, | 


> 
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Of the seven identities included in this the first two are Trudi’s, and 
these he writes in combination, thus : 


My Ay Ag Ag My | 


the a = a A i |aob,| |b, |aybs| |aiob, 
a 2 ‘ as | = ll lado] aos] + lade] faobs| + lar sl |a,d, 
At. A 3 : b, ; |obg| tog] + [ards] laybal + dads] [aah 
| by by by bs by ; 


meaning thereby that the determinants got by leaving out the 7 
column on the left and the 4" on the right are equal to one another, 
and also those determinants got by leaving out the 6" column on 
the left and the 3™ on the right.* 
He then draws attention to the fact that the two-line determinants 
involved in the array on the right are principal minors of the array 
Og Ng hg Nhe Mea 
Dy by ee a Os, 
and he formulates a mnemonic rule like Sylvester’s (Hist., ii. p. 340) 
for the formation of the condensed array. His own illustrative 
examples are 


0.06 eee 
at her ena au—bt av—ct axz—dt 
oa eteceall = |av—cet wey ba —du 
th a) “oe + bv—cu 
Sia) eek, ax —dt ba—dwu cx—dv |, 


Che tee 


* With Cayley the assertion 
|, Gg as ai = | % % Uy 2, 
by by bs by ¥1 Ya, Ys 4 
included 6 equations, whereas with Trudi it only includes 3, namely, the first 3 of 
Cayley’s 6: and with Cayley the assertion 
M@, A, Ay My! 
b, bp bs 0,4! 
C, C2 Cz %|\ 
was meaningless, whereas with Trudi it includes 2 equations. Since in the former 
case Trudi’s 3 equations are known to necessitate the other 3, there is clearly no good 
reason for refusing to profit by the new usage. What is common to any two arrays 
which Trudi may equate is the excess of the number of columns over the number 
of rows: and evidently if his excess be 5, the number of included equations is 5+ 1. 


n 
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an Gaine addéniz ; ; 
pal ares awu—bt av—ct aa—dt ‘ 
= axz—adt | 
5 6 Wh ie us av —ct ba—du | 
Ce ache a ota ae 
lla Caras) 
¢ = ||au—bt av—ct ax—dt ||, 
| LOC eS, 


where each array on the left is got from the one that precedes it by 
deleting the first row, the first column, and the last row ; and each 
array on the right by merely deleting the last row. It is noted that 
the leading determinant of the condensed array is axisymmetric. 

Lastly, it is pointed out that cases where m > 7 present almost 
no additional difficulty, as they are readily brought under the fore- 
going. Thus, if the case be 


KcesD, Gud, ef )y 


(t, U, v)s 5) 
we have onlytotake a bcecdef 
OnU, Olt tv 
for our generating array and proceed exactly as before, the results 
being 
BO cod ¢€ fj 
a b’c de’ fi 5 at au aw 
t uv , at au +t av +bu bu 
. t uv .| =lat autbt av+buta bv+ceu cv 
UR on a a au av+tbu bv-+cu cuotdu—et dv—ft 
[anv lav bv cv dvu—ft ev—fu 
uv 
: t U v 
| - t u v 
=| ft U v c : 
au av+bu bv+cu c+tdu-—et dv—ft 
| av bv cv dvu—ft eu—fu 
AT ROO i : . ‘ 
ot OP OH 
t U v 
ent tt, 2 = 
t u v : 
te) 5 
au av+bu bv+cu cu+du—e dv—ft 
u 
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The requisite division by a* (in general a"-") may be performed by 
removing the a’s one at a time, or by using the divisor in the form 


A ek: 
a b 
1h > 
he 
1 


Another theorem of a similar kind, but introduced for a diffe- 
rent purpose, namely, for dilatation rather than condensation 
(pp. 129-131), is 


| (Oc: icearien ba). | a (—1)’ (ap, SORE ye 
(Carne Cant) mera ta i (Pee ee er A ; 
where the c’s are determinants defined by the postulated identity 
Get hy gene cel 
buch poe, eee Ths Oe I, on fe 


(see under Recurrents) and where ¢ = r+1+43(m—n)(m—n—1). 
For example, when m = 5, n = 4, r = 2, the identity is 


G,-0, Gg °G, G7 2, ae | 
| bo by by bs by . | . Qo. @ Gy Gy dg a, 
| ~eL0e) Ugobe: Os ba (ap Oe do Gf) Gna, (ans aR) 
| - Ch CudCe lal = ayant 2a” Ope Sls 20 sa, 
Caer © Cg Camel at Dy MOL LDeDs 2 Oe 
Og. Cie Ces Ceca ae it Dab; Demo, 


by b, b, by bg 


Trudi’s proof consists in evolving the second member from the first, 
but here again it is simpler to use Cayley’s multiplication-theorem 
of 1845. Thus, taking the second array as multiplier and the 
determinant 


1 é 
1 : 
1 
— gyal 
send! (a taal 1 
wed) md} 1 
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as multiplicand, we at once find the product to be 


Cy Cie Co Ce 
Corre ance Ce 
ECC Cn eee 
Se Ges Talo 
OU, 0s 0,80, 
EU Oe Osan Osta, 
| ron pecan os . 
which is equal to 
'|Cg Cy Cy Cg 
| + Co Cy Cg Cg 
=O" | - - €y G Cy Cg = —b? Oo; +13 Ode 
Ne bob, bb. .D, Hi (Co, « « + 5 a)s ||, 
Ogun Oges Osun Os 00, 


as was to be proved. 

The use to which this second theorem is put (pp. 132-137) is in 
connection with the division-process for finding the highest-common- 
divisor of two integral functions, and, in particular, with the 
modification of the said process employed by Sturm in obtaining 
his so-called “remainders.” From the general theorem* connecting 
dividend, divisor, quotient, and remainder we know that the coefli- 
cients of the first remainder in such a process are proportional to 
the successive determinants of a bigradient array composed of the 
coefficients of the dividend and divisor. We thus also know that, 
this remainder having been made the divisor and the previous 
divisor the dividend, the new remainder must be expressible in 
like fashion. In the second bigradient array thus arising, however, 
one of the two sets of elements is complicated, being in fact the 
successive determinants of the previous array: and what Trudi’s 
“‘ dilatation ’’-theorem enables us to do is to supplant it by another 
array whose elements are simply the coefficients of the original 
functions. In this way the theorem finally reached is: The coeffi- 
cients of the x remainder R,, arising in the course of the performance 
of Sturm’s division-process on 


aoxm t+... +4, bx+...+b 


* See above under Recurrents, Trudi (1862). 
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are equal to the successive determinants of the array 


l| (Qo, - - +> Ome | 
i (Doteasy 
divided by the product of the squares of the first coefficients of all 
the preceding remainders and by by™~**! and by the sign-factor 
(—1)2™-»(™-"2-) The r*® remainder, when divested of the three- 
fold divisor here specified, a, say, Trudi follows Sylvester in calling 
the r‘” residuo semplificato,* and denotes by p,, so that R, = p,/a,. 
For example, when the originating functions A and B are 
az! + bz? + cr? +dz+e, 
px + qu*+rx+s, 
the three Sturmian remainders in their ‘simplified’ or disen- 
cumbered form are 


abe a b d| |@ b e| 
POC FS port me 
Didnt pqs (pq , 
A), Bis On dnd! abed 
@abac a abee 
-pgqgrie + -pqs 
ee a . payer 
Dagan se. p Gers le 
eo Oo he 
a Ca 6 
a 6 0. dae 
We eae 
a TET 
=i) Pen Ga atin ad 
a 
* A most natural and helpful notation for such a remainder would be 
WSLS ill si caer re 1). 
(Og, cuenee st On) eal 
Thus, in the case here used for purposes of illustration, the remainders would be 
written 
abe d e||(a, x, 1); (a bc d e),|\(x, 1), 
PU aes | (Pp qr 8)s 
oy Cl ta he 
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the removed encumbrances being the factors 


(ab ¢ 

RaaPy @ 

I p? Pes 
Pp a bcl? pla bed e|*’ 
Oe e » @ OMe id 

Peg t Deak ed 
Mp. 9 af 3 

pdr & 


respectively. The general expression for the factor, a,, connecting 
the simplified and unsimplified forms of a remainder, is readily got 
(pp. 138-139) in Sylvester’s way by using the fact that the product 
aa, 18 equal to the square of the first coefficient of p,. For, this is the 
same as saying that, if we denote the first determinant of 


(@p,¢. eat ile 
bo Sb bOa) 
by D,, we have 
a,a9 = De Qa; = De BR. og? 


and these lead to 


2272 
ay, = a DeaP es uf 1 
ay DD, 5 De 
and 
De Dae wee. 
i ae SE ie 1-1 
where 


= ana 
a, = (—1)#*" n)\(m—n pO oe +1 


An important observation made in passing is that any simplified 
remainder can be condensed into a single determinant : for example, 


the three just given above are equal to 


a 6 ca+dzt+e Gabe tA 
p gqv+rze+s or pc aah #3 
Pp gq Tx? +8x Digi Diels 
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0 Gn eres. a a ee? ee = 
a b ce date Os Die TA 
- Pp GQ refs) Or p q B 
Pf te Boe - op 9 Te Be 
D926 8. RO sees Set fs 
Gm te -C 4) Oe ieee 
CLC Os Gara® 
C10 5c de B 
0a) Gr ob 
Si 0 eee 8 ee 
aD. dae tas Bz? 
DO, te 8 bei 


where, be it remarked, the ultimate forms, namely, those explicitly 
involving A and B, are Cayley’s of 1848. 

Cayley’s relation between any three consecutive ‘simplified 
remainders’ is next given (pp. 140-142), the proof arising quite 
naturally and being mainly dependent on the equality a,_,a, = D}_,. 
Thus, taking the equations that indicate the nature of the division- 


process, namely, 


A = QB —R, 

Se Q.R,—R, 
R, = Q,R,—R, 
R, = 


. 
w 


QR, — R, 
and substituting p,/a, for R,, we obtain 
a,°A = a,Q,-B — p, 
aya,°B = a,Q,*py — %4- pz 
GzA3* Py = O4;Qs "py — a42"p3 
AsOty+ Pz = AA Qy- ps — yds. py 


In this way there results the general equation 
Apap * Pr-g = Oy—20Qe* Prot — Gp-2Ay_-1* Pr» 
and thence 
Me Ry hh! sa Op 90pQy* Prt cea Datp.. 
showing that p,_, and p, have different signs for any value of athat ~ 
makes p,_, vanish. 
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Proceeding from the above-noted Cayleyan mode of expressing 
the ‘simplified remainders,’ Trudi puts forward (pp. 145-152) 
another mode, each remainder now appearing as a sum of a multiple 
of A and a multiple of B; or, in Sylvester’s words,* as a syzygetic 
function of A and B. For example, the three remainders above 
given he considers in the form 


Ce POR IGAVEESE aa b pant BI 
Us WL sh) 
ce ie j Llae Nie 
Cee CeO Or A ae aoe Th ie 5 
a | Candee Citra 
or pqt 
1 Es ae Pe Oak eX 
Dar ot trams ran AVG wer amee: 
and generally he writes 
pray AS-LOV EB, 
where it is readily seen that, as regards x, 
U, is of the degree r—1, 
AV sates ty his eae Kesh nme 
Us sein et wendy 
A ee ent — lal 
and where, as we know, 
Prowse 5 ce py emer hs 


Observation also shows that the coefficients of the highest powers 
of x in U,, V, are —6,D,_,, aD,_, respectively. By substituting 
the new forms for p,_2, pp-1, pr in Cayley’s relation 
sea iches Aeterna) Mey ane 
there is obtained 
(D?_,-U,. — a, s0,Q,°U,. + Di_.:U,)A 


a (Dee ; 4 es - a,_20,Q),, i Vit ar DEY Ve) — O% 


*It is worth noting that it was in this connection that the word ‘syzygetic’ 
was first used, the full title of the memoir of 1853 (which clearly had considerable 
influence on Trudi) being ‘‘ On a theory of the syzygetic relations of two rational 
integral functions, comprising an application to the theory of Sturm’s functions, 
and that of the greatest algebraical common measure.” 
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and, as ‘I'rudi proves that this can only hold when the coefficients 
of A and B vanish, it follows that each of the two series of 
functions 


Us, U;, oa es Una Viz: Vi; ate Cbs Via 
has one of the Sturmian properties which the p’s have been shown 
to possess. 


As regards the highest-common-divisor (pp. 142-144) his result is : 
In order that two functions may have a common divisor of the k” degree, 
it is necessary and sufficient that the first determinant of each of the 
last k of their bigradient arrays shall vanish: and, when this holds, 
the coefficients of the divisor in question are the successive determinants 
of the (n—k)” array. For example, the functions being 


aAe+ae+... +s, bow +bat+.. .+5,, 
their bigradient arrays are 


(Ges ae os aly (age = 315 Gale (a3, xlieanGa)s 
(Aes 9 Be IE (Oph Bie ISOs ball ce AL (Onc anes eatOn) Sie 
(i, + + + + U)a |} (4g, + + + » g)s 

(b, Fusbepar 205) (by ewe bs) His 


and the proposition states that if the first determinant of each of 
the last three arrays vanishes, the functions have the common 
cubic factor 

| (Gos ste, 009 Cals 
(Oo:se0an 9 On 


At a later stage (p. 151) there is given the supplementary pro- 
position that the quotients resulting from dividing A and B by the said 
highest-common-divisor are, save for an unimportant factor in each 
case, the coefficients of B and A in Trudi’s form of the (n—k-+1)" 
‘ simplified remainder ’—that is to say, are V, x4, and U,_,4, as 
before defined. 

The closely related question concerning the common roots of two 
equations he deals with at length in a section devoted to elimination 
(pp. 161-178). Starting with the proposition that, wu and v being 
integral functions of 7, wA+vB must vanish for any common root 
of the equations A = 0, B = 0, he next points out that wand v may 
be so chosen as to make wA-++-vB of a low degree in z, even of the 
degree zero. In the latter extreme case vA+vB must contain the 


fat tat 1). 
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eliminant as a factor, and if in addition it be of the proper degree in 
the coefficients of A and B, it is the eliminant pure and simple. 
Attention is then called to the fact that the division-process for 
finding the highest-common-divisor of A and B, or the Sturmian 
modification of this process, supplies a series of pairs of functions 
like uw and v, and in particular that the last ‘simplified remainder’ 
D,, as satisfying all the requirements mentioned, is the eliminant. 
The condition for the existence of more than one common root is 
investigated in like manner. Ifthe number of the roots in question 
be k, the degree-number of vA+vB cannot be less thank. Founding 
on this, it is asserted that functions of the form wA-+vB, whose 
degree-number is less than k, must vanish identically, and that 
therefore in particular the last k ‘simplified remainders’ of A and 
B must so vanish. In the next place, proof is adduced that the 
vanishing of these remainders is equivalent to the vanishing of their 
first coefficients : and finally, there is reached the following variant 
to the above proposition regarding the highest-common-divisor : 
In order that the equations A = 0, B = 0 may have k common roots, 
ut rs necessary and sufficient that D,, Dry, .. ., Dan 1 vanish: and, 
this being the case, the equation of the said common roots 1s py, = 9. 
The fact that the vanishing of the first coefficients of the ‘simplified 
remainders’ implies in each case the vanishing of all the coefficients 
following the first is merely commented on in passing. Attention, 
however, is more fully drawn to the important fact that the existence 
of the condensation-theorem makes it possible to put every proposi- 
tion which, like the foregoing, involves bigradients into an alter- 
native form. Thus, the condition that the equations 


P+a,v+a,t+a, = 4 
v+b,a+b, 0 
may have two roots in common is, according to the said proposi- 
tion, the vanishing of 


LG, ow Gee. | 1 dy @, 
Ll a a 4a, i 1) 
ee Dey, a pa 

Lab eke 
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and this, by the condensation-theorem, is the same as the 
vanishing of 


1 b, b, 1 b 

b, b,+a,b,—a, a,b,—a, age 7 

by adyb,—a,  Agb,—agb, |, CT 
Bezout’s ‘abridged method’ and Sylvester’s ‘dialytic’ method, which 
resemble each other in involving elimination of successive powers 
of a common root, are only introduced by Trudi for purposes of 
corroboration. In connection with the former method there is 
noted Sylvester’s theorem * that the derived equations provide 
also an alternative way of obtaining the Sturmian ‘simplified 
remainders,’ the first remainder being the non-zero member of the 
first equation, the second remainder being the result of eliminating 
the highest power of « from the first two equations, the third re- 
mainder the result of eliminating the two highest powers of x from 
the first three equations, and so on. In other words, if the set of 
equations derived from A = 0, B = 0 by Bezout’s method be 


6,0" cya +S Pee as 4) 


Cpt Cok te wae sot Coke Se 
then the second, third, . . . ‘simplified remainders’ of A and 
B are 
(en Cpt™ ? +e,a"9 4... + Cm 
Cy CopB™” + Copt™— 9 + 2. + Cam |, 
—3 
Cry Cig Cyg@™ ~ + . 6. + Cin 
—3 
Coy Cop CogB™ "+... + Con 
Cy. Cag Oxi FP on. cee 1 Wie de 


Proceeding from this, Trudi then says that if the non-zero 
members of the said derived equations be denoted by Y,, Ne ters 
the ‘simplified remainders’ can clearly be put in the form 


a Cy, Y, | Cy Cy Yy 
on BLGH Cy Cop Yo 
Goi 0g NE PE Gat Rpms 


* See Art. 5 of “On a theory of the syzygetic relations . . .” 
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and, as by definition, 
Y, = aB-—bd,A, 


(aot +44) B— (bor +b,)A, 
(aou? +a,% +a,) B—(box? +5,2 +6,) A, 


i Liles 
ll Ih 


3 


it follows that the said remainders have still another form, 
namely, 


a, B—b,A, 
| Cy Xo B ars Cy bo A, 
| Coy Apt +4, | Co bor +b, 
Cy Ce Qo iB — [ey Ce bo A, 
Cat Capo - Gy Cy Con Ogre +, 
Cg, Cag Aot® +042 + Ap 1 Cg, Cy Dox + B,0-+ dy 


—a result easily shown, by the use of the condensation-theorem, to 
be in agreement with a previous one in which the determinant 
coefficients of A and B are bigradients. He is also careful to note 
that although here, as usual, 7 is taken equal to m, no real restriction 
is thereby made. the case where m > n being viewable as a case in 
which the coefficients of x2t!, at?,..., 2” in B are equal to 0. 
For example, if the given equations be 


ax’ + bx? + ca? +dx+e 0) 
qu? -+-rx-+s of, 


Bezout’s derived equations (although not in Bezout’s nor Trudi’s 
notation) are 


a bas + cx? +da+e| _ 0 
quitrats| ” 
ax +b ex? +-da--e| 0 
qetrats|  ’ 
ax? +ba+e di+e| _ 0 
q mte|  ’ 
az +-ba®+cx+d ON 0 
qeeer ig) ee 
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or, in their usual form, 


aq“? + ar-x + as =?) 
agz® + (ar +bq)z® + (as+br)x + bs = 0 
arz® + (as+br)x? + (bs +ecr—dq)x + (cs—eq) = 0 
asx +- bsx? + (cs—eq)x +(ds—er) = 0 


We then have for the simplified remainders of the 1“ and 0™ degrees 
the determinants 


- aq ar-x + as: | 
aq ar+bq (as + br)-x + bs | 
ar as+br (bs+cr—dq)-x + (cs—eq) |, 


; aq ar as 
aq ar+bq as+br bs 

ar as+br bs+er—dq cs—eq | 
as bs  cs—eq ds—er |, 


being only careful to note that both of these contain the irrelevant 
factor a*. Trudi, however, does not point out that this factor 
would not have troubled us if we had noted at the outset that for 
the first two derived equations we might have substituted 


q@t+re+s = 0, 
gx3 + rx® + sx =e a {). 


thus using Sylvester’s method of derivation for the first m—n 
equations and Bezout’s for the remaining n, as Cauchy had shown 
in 1840. 

The case where B is the derivate of A receives special attention 
(pp. 152-160), the object of course being to show that the quantities 
D,, U,, V; are then expressible in terms of sums of like powers of 
the roots of the equation A = 0. The reason for the possibility of 
this transformation lies in the fact that the coefficients 


bo: bo: bs; ee aE) Ona 


are then equal to 


ApS, ApS; +448, Ap8y +448, + AS, d 4505) -O8n2)-hias - Fn 48a 
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and that in addition we have 


(4%, My, i 8 hdl a) UntSn» Snr ++ 29 8») = 0, 
AO, a eh ie, Whe Aas Se at) 8.) a). 


(G5 Gas. ack Ce eae pene) Ne en 


The results arrived at are 


=_ 2r+1 
1) Oy Ree EGS CRM a 85.) 9, 
81 485085 8, oo, 
Bs TESS Sri S42 
5 r+l 
= 0 when r>n—1, 
V, = Gi Me,t Se, fo eye Je 8 AL 
Sieuds Slee ee eee HE 
G7 8, oS Un GR eet 
r+1> 
= 2 
U, = —a,"|s, 8, 8 8p 
See eae ee eS, oh 
8, 8, 8 «1. ~~ Shy, 8 +8, 
> 2 
83 8 8, ..- . Spyg St $S,0+8, 


r+1° 


Here again, however, Trudi loses his opportunity from not being 
acquainted with Cayley’s multiplication-theorem of 1845, the use of 
which enables us to transform not only D,, but the whole bigradient 
array of which D,, is the first determinant. In fact, it gives us for 
the case under consideration another condensation-theorem. For 


example, when 
A = awv+aat+...+a;, 


and we consequently have to consider the four ‘simplitied 
remainders ’ 


| 


ae a 1). (Ge, oteke 24 Ue lout (eesain)), 


(Oe) omit Dy) 5 


(x, 1), (Oh ey OT 
(by, Ore be D4)s 


(Gomes «tm Os )i 


(By, » - - + Dade 


| (to, + - - > O5)s 


(Oy heiak nb,)i 


2 
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we tind the condensation-results 


8 ApS, ApSg + G48; ASst... Asy+--, 
8, ApSq ApSg + G18. ApSyt... ASs+--- 


(Crees ne 


(bo, 30 OE by)o 


5) 


— 4 j 
= Hp || 8, 8, UpS3 USg+ A183 US5 + 4,84 + A8y 
8, Sg ApSg ApS, + A484 ApSg + 1S; + Mp8, || 5 


8 81 ApSy  Ap8g + Ay8q ApS, + A183 + M8 


1 


| 8 8, S82 p83 M84 ABs | 


(ages One 3 81 82 83 MySy  Ap8g + A148, | 
i: ee 
| (9; » Oss 82 83 Se USs U8 + A485 
a 
8g 84 85 M8g p87 1 18 | 
sg Mert 
a OE TE Sp, oer 
| (dg, +++ 1 Os)s ad : 
re b,) = ApS. 83.8, 8, 8 
ANS a aOs ae 4" 


4 85 83 S87 8g], 


all in agreement with Cayley’s original result of 1846 (Hist., ii. 
pp. 162-164). Taking the second of these for proof, we multiply 
unity columnwise by the given bigradient array, obtaining 


Ly) Se ee — 8% Gy Gy 1 Gy Oe OG,” G, | 
DN 8g 8h ed Ags Byte, Oe Oy es 
l | Ree See API ay 2 
1 Il - bow -Otin Ose obee- Widens 
‘ 1 DomemDpdnebst aby aed hide > 
|| @q A, Gy bs a, Os, : 
Qy ay, Qs (Ls om as 
= bo b, b, b, (Uy 
» 6 MS, ApSg AS, ApS + A,8.+M,8, AyS+.. . ApSs+.. 
+ + ApSg ApSg+A,8y AySy+A,83+ G8 Ap8,+... Ap8et.. 


Hy8q U8, HF AySq Ag8y + Ay48, + AgQ8p Apsgs +t... Ag +.. 
2 > > 
Ag |] Los, AgSy + G18, p83 + G18, + Mp8, ApS +... Ugg +. 
Wg8q p83 M8. Sy + A483 + M8 ApS; +... Ugg... 


and thence the final form desired. 


\] 
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The question of the existence of multiple or repeated roots in an 
equation is next taken up (pp. 178-190), the main result being : 
The equation A = 0 will admit of only k distinct roots if the first 
determinant of each of the last n—k bigradient arrays arising from A 
and ws derivative vanishes: and this condition being fulfilled, the 
equation of the said roots will be got by equating to 0 the determinant 
formed by replacing the last column of Dy, by k zeros and the 0, 1°, 
a™,..., k™ powers of x. For example, A and its derivate being 

a +a*—da3— a? + 8x44, 

5at + 4a? — lida? —2e74+8, 
and it having been found that the first determinants of the arrays 
ets), (ine bes os Kam 
6b fe sab tae 


have the values 


54, 0, 0, 0, 


the proposition states that the number of distinct roots of the 
equation A = 0 is 2, z.e. 5—3, and that the equation of these two 


roots is 
pg ee eel 


: all le 
5 Aer |e O 
5 4D 


WSoed tes Vee ee 
As a matter of fact, this equation is 54(a+2)(~x—1) = 0, and 
A = (4+2)?(@—1)8. 

In the next place (pp. 191-196) Trudi takes up Sturm’s theorem 
for determining the number of roots of an equation which lie between 
two given values. In dealing with it he brings forward a new series 
of functions as a substitute for Sturm’s series, namely, 


1; Deatle Gads Cae tr: saan Tale Yoo eelnaaliemont shea, 
ee: Seu): oul idl 2 ead a 
RI ee | (ee Mey eral 
isi brige aeOyen align iiver| 
Deen ww cpr? 
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Further, he points out that the individual members of this series 
can be lowered in grade by the use of his condensation-theorem, 
thus providing a variant of the series. He also notes that by means 
of the theorem which we have extended above into another con- 
densation-theorem they can be transformed into 

if age aye ie di "Sy PES, Bel Ee 
ee Si) ey a? 
Cdyn, 
and so he arrives by a different route at Joachimsthal’s series of 
1854 (Hist., ii. p. 171). 

Lastly, it may be noted that in introducing (p. 234) the dis- 
criminant of a quantic as the resultant of the first differential- 
coefficients of the quantic,* and in showing like Baltzer that for a 
binary n-thic, ¢(x, y), the discriminant must be the resultant 
(bigradient or other) of 


) 
<9(a, y) = 0, ng(x, y= p(x, ¥) =0, 


he puts 1 for y and asserts that the discriminant of ¢(x, y) must be 
identical with the resultant got by eliminating x from 


e te) 
Az o(z, 1) = 0, ng(z, 1)—a~ o(@, 1l}=="0, 
and therefore must equal the resultant of 
() 


and consequently must be equivalent to the expression which with 
unfortunate ambiguity had for longt been known as the ‘deter- 


*So used from 1851 by Sylvester (Hist., ii. pp. 63, 388) and so defined in the 
glossary at the end of his memoir on Syzygetic Relations (1853). 


t In 1801 Gauss spoke of the determinant of a function of two or more variables, 
b*— 4ac being the determinant of ax* + 2bay + cy® (Hist., i. pp. 64, 65); in 1815 
he spoke of the determinant of a function of one variable, —1’?+ 4” being the 
determinant of «* + 2l'x +" (Werke, iii. pp. 33-56, §6). By 1852 we find in use 
‘the determinant of the equation aa? + 2bry + cy? = 0’ (Salmon’s H igher Plane 
Curves, pp. 296-7); and by 1857 the determinant of the equation f(x) =0 (Hist., 
ii, p. 184). 

All through this there was nothing implied in regard to the precise form of the 
expression so named, which might be and indeed was, even with Gauss, a product 
of squares of differences. When, however, ‘ determinant’ as thus understood 
came to be expressed in a particular form which also bore the name ‘ determinant,’ 
it was clearly imperative to make a change. 
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minant’ of ¢(x, 1). Nevertheless, he does not note that in this 
there is ample justification for extending the use of the term ‘ dis- 
criminant ’ to the case of the rational integral function ¢(z, 1), and 
even in connection with the equation ¢(z, 1) = 0. 


Trudi’s work on bigradients, extending to 94 pages if both Teoria 
and Applicaziont be included, has suffered undeserved neglect. 
Why this should have been the case it is a little difficult to under- 
stand, its only demerits being an occasional wordiness, a not very 
acceptable notation, and a paucity of concrete éxamples. In his 
preface (p. vu) he tells us that it was first communicated in a 
number of papers to the Naples Academy of Sciences in the year 
1857. This being so, it was two years in advance of Zeipel’s memoir 
on the same subject (Hist., ii. pp. 370-372) and Bruno’s text-book, 
a fact which it is important for the reader to recall if any small point 
of similarity between two modes of treatment should attract 
attention. 


SALMON, G. (1866). 


[Lessons InrropucToRY TO THE Moprrn HicHER ALGEBRA. 
2nd ed. vii+296. Dublin.] 
In a table of resultants (pp. 283-285) the final expansion of R,, 
is given, and the discriminant of 


ax! + bay + cx2y? + dey? + ey. 


SARDI, C. (1866): RAJOLA, L. (1866): TORELLI, G. (1866). 


[Questione 47. Grorpale di Mat., iv. pp. 239-240: solution by 
L. Rajola, iv. p. 297.] 
[Teorema sui determinanti a due scale, e soluzione della questione 47. 
Giornale di Mat., iv. pp. 294-296. ] 


We have already seen how, from equating two forms of the 
resultant of a pair of rational integral equations, interesting identities 
may be obtained (Hist., i. p. 487 at bottom: i. pp. 369-370, 374— 
375). Another instance is here reached, the forms of eliminant 
used being Sylvester’s bigradient and the eliminant which arises 
from successively substituting the roots of one of the equations in 
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the non-zero member of the other equation and taking the product 
of the resulting expressions. If in connection with the latter we 
make use of Spottiswoode’s determinant expression (Hist., i. p. 111) 
for such a non-zero member, the identity evolved will be purely and 
almost alarmingly determinantal. 


BALTZER, R. (1864, 1870, 1875). 


[THEORIE UND ANWENDUNG DER DETERMINANTEN,.. . 2% Aufl. 
3% Aufl. 4% Aufl. Leipzig. ] 


Putting (§ 11. 4) 
A(x) = age™+a7" 7+... 40m = Mo(%—a,)(t—ay) ... (—am) ) 
B(x) = boa +b,am™1+4+...4+b, b,(~—B,)(w7—B.) . . - (e—B,)5 


and supposing x to be one of the roots of the equation B(x) = 0, 
Baltzer predicates the n equations 


m>=n 


0= { Um — A(z) } UE Uma + Oma +.. 
0= \Gm—A(x)fa + Ging Rt ta sess 
0 = {Qm—A(x)}a®? +... 


and the m equations 


O = 0, + Ole bo 


0 = b,6 + be ee 
Oia La + Ee SA a le 
and so deduces 
bm — A(x) (i Ris Ts 
Om— A(z) nos 
a», — A(x) 
be (Mkt nge ok Oe aie 
bn Dnt 
Da 
‘ n+m 
which must thus be the equation in A(x) whose roots are 
A(B,), A(8.),..-, A(8,). Since the coefficient of the highest, 


power of A(z) in it is (—1)"b,”, it follows that 
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(—1)"bp - A(B,)A(B:).-. A(Bn) = | Fm Ama Amz 
Am Gm—-1 
Am 
Ds Oe Dn» | 
by On 
Aileen ae ora 


as Hesse in 1858 had shown by direct transformation. 

The bigradient form of resultant is also used (§ 11. 7) to show 

that when A and B are of the same degree 
resultant (A, B+AA) = resultant (A, B). 

A fresh proof is given of Jacobi’s theorem* that if ¢ be a given 
function of the (m-+n—1)" degree in x, it 1s possible to determine two 
functions u, v of the (n—1)", (m—1)" degrees so as to have 

uA+vB = Sq, 


where & is Sylvester’s bigradient. This consists simply in taking the 
1+n+m equations 


> = Cmtn-1 + Cmen2% + (re MEY’ aaa reas 
Ay =~ 4; +e Geen te 90, ot ees 
ch Gia BOs cee pe 
eA = One +. 
B= b, ote EOL Set AE Ge 
gb Daciere Ono ae 
and deducing 
@ Cmin- Cmin—-2 Cm+n-3 
Atiea Gee Ones 
che Am Goer 
‘ z=; (i) 
B bn b, a bn—2 
zB bn Bn 
lacunae i Pee ia eaten Ce 


* Orelle’s Journ., xv. (1835), p. 108, where however m = n. 
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Jacobi’s theorem of 1835 regarding Bezout’s condensed eliminant 
suggests the similar theorem regarding the bigradient eliminant,* 
namely, if w be a common root of the equations 


figs a, xO a0, box" =— b, x82? = Ge tea) 
then the signed primary minors associated with any row of 
(a, Ee | Qn )n 
(bo, re say Se | Wale 


are proportional to 
Win tala War’ tatuaes SU 

In dealing with the highest-common-factor of A and B and with 
the subject of elimination, Baltzer profits far less than he ought 
to have done from the work of Trudi, whom indeed he does not 
mention. 

In conclusion, it is just worth noting that he now unreservedly 
adopts the name ‘discriminant,’ but, strangely enough, introduces 
it at first (§ 11. 19) not in its quite general sense, but in connection 
with the bigradient and other forms of the resultant of f(x) and 
f'(@). 

ISE, E. (1873): JANNI, V. (1874). 
[Sul grado della risultante. Gvornale di Mat., xi. p. 253.] 
[Sul grado dell’ eliminante del sistema di due equazioni. Giornale 
di Mat., xii. p. 27.] 

The bigradient form of eliminant is here used in the establishing 
of the proposition that if the coefficients a,, b,, be functions of the 
r degree in one and the same variable y, the eliminant is of the (mn)"* 
degree in the same variable. Janni’s proof, though not quite so good 
as it might have been, is the more interesting. The eliminant being 


* Gordan (1870), in quoting the two from Baltzer, says that mn of the primary 
minors of the former eliminant are secondary minors of the latter. (Math. Annalen, 
iii. p. 356.) 
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he, in effect, multiplies the columns in reverse order by 4, y}, y?, y®, y4 
respectively, and then divides the rows in order by y', y°, y?, y, ° 
respectively, thus obtaining 
M Hy * ay ayy? 

A ay ay? asy* 


boy? = by b, 


boy? by b, 
boy? by by 


In this equivalent form the elements of the first two rows are all now 
of the degree 0 in y, and those of the last three rows are all of the 
degree 2, whence comes at once the desired result. 

It should be noted that the procedure shows each term to be of the 
(mn)* degree in y; in other words, that the eliminant is homo- 
geneous. Also, dispensing in the end with y, we may deduce the 
isobarism of the eliminant, its weight being mn. 


BJORLING, C. F. E. (1873): ZEUTHEN, H. G. (1874): 
GARBIERI, G. (1874): MADSEN, V. H. 0. (1875). 


[Sur les relations qui doivent exister entre les coéfficients d’un 
polynéme F(x) pour qu’il contienne un facteur de la forme 
x"—a". Archiv d. Math. u. Phys., lv. pp. 429-440. ] 

[En Bemerking om Beviserne for Hovedscetningen om Elimination 
mellem to algebraiske Ligninger. Tidsskrift for Math. (3), iv. 
pp. 165-171.] 

[DETERMINANTI, con... . xili+267 pp. Bologna.] 

[En Bemerking om Sylvesters dialytiske Elimimationsmethode. 

Tidsskrift for Math. (3), v. pp. 144-145. ] 


All these deal with the subject of common roots, Bjérling in- 
cidentally (§ 3-6, pp. 431-437) and the others of set purpose. 

Zeuthen repeats Salmon’s mode of 1859 (Hist., ii. pp. 373-374) of 
using Euler’s treatment of two integral equations in x which have 
more than one common root: he is, however, more detailed, and 
takes the number of roots to be p. 

Garbieri also repeats Salmon, taking indeed the same example, 
but he is careful to add a proof (pp. 120-121), that of the six con- 
ditions there arrived at only two are independent. 
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LEMONNIER, H. (1875, 1878). 


[Théorémes concernant les équations qui ont des racines communes. 
Comptes Rendus . .. . Acad. des Sci. (Paris), lxxx. pp. I11-— 
112, 252-255. ] 

[Mémoire sur l’élimination. Annales del Ecole Norm. Sup. (2), vii. 

pp. 77-96, 151-214. ] 
Lemonnier’s condition for the equations 
Ogee a a0, be" +...+6, = 0 

having k common roots is different from Trudi’s, but fortunately 

for comparison is very easily expressed in Trudi’s notation. It is* 

that the first k determinants of 


(ao, CPO ROT) Am )n—k-+1 } 
(bo, Cr ie [9 
shall vanish, and the first determinant of 


| (ap, bg gas S49 Gin look 
I (bo, ee GE | ba )m-k \ 

shall not vanish. The former part of the condition recalls Zeipel’s 
of 1859: the latter is an important necessary adjunct. When, 
however, the equation of the common roots 

(Gps nt sania Creda elt epee ae ee ee eee 

(bo, patie ©) 9 a 
happens to be given along with the condition, it is less necessary to 
mention the latter part, as the determinant involved is the coefficient 
of x‘ in the said equation. 


The whole memoir is valuable, viewed either as an exposition or as 
a repository. 


DARBOUX, G. (1876, 1877). 
[Sur la théorie l’élimination entre deux équations & une inconnue. 
Bull. des Sci. Math. x. (1), pp. 56-64.] 
[Sur l’élimination entre deux équations algébriques 4 une inconnue. 
Bull. des Sci. Math. (2), i. (1), pp. 54-64.] 
Darboux uses Bezout’s eliminant in the extended form given it 
by Cauchy for the case of unequal degrees: and he establishes the 


* This is in accordance with the statement in § 13 of the complete memoir, and 
is somewhat different from that first published. 


a 


So 
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theorem that the necessary and sufficient condition for the existence 
of k common roots is the vanishing of all the minors of the said elimi- 
nant down to but eacluding those of the (n—k)” order, n being the 
higher of the two degree-numbers. The proof given in the second 
paper is especially interesting. 

It is also worth noting that Darboux gives at the end a mode 
of directly transforming the eliminant into Euler’s product of 
differences. 


MUIR, T. (1876). 


[New general formule for the transformation of infinite series 
into continued fractions. Transac. R. Soc. Edinburgh, xxvii. 
pp. 467-471.] 
[On the transformation of Gauss’ hypergeometric series into a 
continued fraction. Proc. London Math. Soc., vii. 112-118.] 
The fundamental theorem, which is established in two different 
ways, is not essentially different from Heilermann’s of 1845 (Hist., 
ii. p. 361). The second of the two ways is the more interesting. 
Beginning with the series 
Ayo taetau?tagi+...., or fo, 
bo +6,0+b.0?+b.79+...., or fi, 
and subtracting b, times the first from a, times the second, and 
dividing the result by x, we obtain 
CPA Gy | Ga Og 
by 5, a es by Os 
and by subtracting |a,b,| times the second from 6, times this third 
series and dividing by a, there results 


+ Creo. . utr OLiude SAY } 


a, A OF RD lo M 
Duet ete Oy Da yee |e sg 10s (tec. ot, OF fy SAY; 
b, 5 by 0, 5s eG tare 
and soon. The outcome is 
Ay +t +O? +... _ 0, Oye 
bo +ba+be?+.... 2 Slee oe 8,0 a 

2 6, — 


where 6, 6, 62, ... are the first terms of fo, /,, fa... respectively. 
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VENTEJOLS, . (1877). 


[Sur un probléme comprenant la théorie de l’élimination. Comptes 
Rendus .. . Acad. des Sct. (Paris), lxxxiv. pp. 546-549. 


Ventéjols’ subject would have been much better described by 
Lemonnier’s title of 1875. In substance nothing fresh is brought 
forward. 


DICKSON, J. D. H. (1877). 


[A class of determinants. Transac. R. Soc. Edinburgh, xxviii. pp. 
625-631. ] 


[The numerical calculation of a class of determinants, and a con- 
tinued fraction. Proc. London Math. Soc., x. pp. 226-228.] 


The determinants here considered are the bigradients dealt with 
by Heilermann (1845) and Muir (1876). They also arise in the same 
connection. 


MANSION, P. (1878). 


[Sur ’élimination. Bulletin... Acad. . . . de Belgique, xlvi. pp. 
899-903. ] 


What is interesting here is Mansion’s mode of obtaining the 
evanescent bigradient array that results from the existence of 
common roots. The equations being 


A(z) = ag®+...+a,=0, B(x) = b+... +b,=0 


and the common roots a, 8, y, it follows that 


aah -Alg) a” a" gA(a) ans ta* 2 Din) 
oe poh eslved pm Br BAB) sb 6" B(B) 
yy AG) Lye, Y" VALY) Loto Diss 

at. .a* JaBla) a®ta* .a* Bla) 

pb” 8 BB(B) 8™: B*..-B#B(B) 

YoY By) dantl Ye yey) | 


are all equal to 0; so that, if we temporarily write 


(m, n, p) for the alternant |a”6"y?|, 


BIGRADIENTS (MANSION, 1878) 357 


we have 


(mn5)a, + (mn4)a, + (mn3)a, + (mn2)a, + (mnl)a, + (mn0)a, 


n6)a, + (mn5)a, + (mn4)a, + (mn3)a, + (mn2)a, + (mnl)a, = 
(mn4)by + (mn3)b, + (mn2)b, + (mnl1)b, + (mn0)b, 


(mm5)by + (mn4)b, + (mn3)b, + (mn2)b, + (mnl1)b, 


n6)by + (mn5)b, + (mn4)b, + (mn3)b, + (mn2)b, 


Here, however, by taking any two of the numbers 0, 1, 2, 3, 4, 5,6 
as values for m, n, two of the alternants will disappear, and we shall 
be able to eliminate the five others, the final and complete result 
thus being in Cayley’s notation, 


G GW A Ag Ay As 
G % % Ag Aq As 


é b 
by bd, bz bs by 


For example, putting m, n equal to 0, 1, then equal to 0, 2, and finally 
equal to 1, 2, we should have the particular three results, which, in 
accordance with our usage under Trudi, we might write 

(Qo, -- - 5 Me 


| =p): 
(bo, Simret Lenny ba)s 


All this, however, is considerably modified from Mansion’s 
exposition. 


MALET, J. C. (1878). 


[On a problem in algebra. Annali di Mat. (2), ix. pp. 306-313.] 


Malet first ascertains the conditions to be satisfied by the coeffi- 
cients in order that two equations of the n degree in z shall be 
such that to every root 7 in the one there is a root c/r in the other. 
He then proceeds to show that the equation of the (mn) degree, 
whose every root is the product of a root of the equation 


ee —ac"' tag —.. = 0, 
and a root of the equation 


g*—p ei bag , = 0, 


ll 


aS Soe © 
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is 
es | Dt 0 On 


Bnet — Gaby On by 
Da cole pad Unie ae bn —2 bn a | 


Ame Amt Om 3h" = bsQm 
Cin Am LA _h? — bem, 
am Bm 1% —b,an, > 


where, after the first column of binomial elements, there follow m—2 
columns having 6, for their first non-zero element, and in front of 
the last column of binomial elements there are n—2 columns having 
a,, for their last non-zero element. By mere change of b,, b,1, .. 
into 1/b,, 6,/b,, . . . there is readily obtained a companion equation 
whose roots are quotients instead of products of the roots of the two 
given equations: and then, on putting @ in this equal to 1 there 
emerges the eliminant of the said pair of equations. For example, 
the given equations being 
x —a,x* + dgt—ag = 0,) 
a8 — bz? bx—b, = 0,f 
the equation whose roots are the roots of these mated by multi- 
plication is 
b,a%—a,byrz? bs x8 : 
b,c8—a.bsx 6b, a,x? x—b,a, | 
3 | = 0; 
x>—asby b, ae ax*—b,a, 
1 @3 dae—ba, 


the corresponding equation whose roots are each mated by division is 
b,a?—a,? 1] 23 : 
b.25—a~ 0b, a2 db —a, 
byt®—a, 6b, gt a,b9x*—ayb, 
bs G3 a9b,x—ab, 
and the eliminant of the given equations is 
b—a, 1 1 
b—d, b, a bs—as, 
bs—ag by Gy a,b,—a,b, 
bs @3 Agb3—agb, 


= 0. 
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Of these results it is the last that our subject requires us to be 
most interested in. Malet himself notes it as involving a simpler 
determinant than that usually given. It is necessary to point 
out, however, that the said determinant is easily derivable from 
Sylvester’s bigradient 


1 —a@ ~ @ —a, ‘ 
1, =, #03 —G, 
Le a = Og 
: ize 
5, 6, 0, | 
1 —b, ob, —b, 


For, performing on the latter the operations 
Trow,—TI0Wg, 


TOW, — row, — (a,—},) rows, 


we obtain 
1 4 ae aes 
1 =o; be —bs 
a,—b, b, — ay a,—bs 


ba— Ag+ 0,2—,b, 3—b3—A,d, +4), Agd,—Aab, si iil 
and the further operation 
TOW4— 4, TOWg + 4, row,— by row, 
gives us substantially Malet’s form. 


GUNTHER, 8. (1879): PAIGE, C. LE (1880). 
[Eine Relation zwischen Potenzen und Determinanten. Zevtschrift 
f. Math. u. Phys., xxiv. pp. 244-248. ] 
[Question 566. Nowv. Corresp. Math., vi. p. 333: Solution by 
C. Le Paige, pp. 382-383. ] 


The subject here, proposed by H. Brocard, is simply the evaluation 
of the bigradient which is the discriminant of (z”*?—1)/(z—1), 


the result being (m +2), 
For example, when m is 2, 
ele loot . 
yop lial ail 
Lager fe Olin 4?, 
LL e2axSer 
L323 
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Giinther’s proof is unnecessarily lengthy. The determinant can be 
readily transformed into one whose diagonal has for its elements 
1 repeated m+1 times and m-+2 repeated m times, and whose 
other terms all vanish. For example, when m is 2, the requisite 
operations are 

row,— IOW,4 +T0Wg, 

row,— row; + row, 

roW;— OW, — row. 


Le Paige finds the resultant of the two implied equations without 
the help of determinants. 


MANSION, P. (1879). 


[On the equality of Sylvester’s and Uauchy’s eliminants. Messenger 
of Math., ix. pp. 60-63. ] 

Mansion’s proof, though very unlike, is not essentially different 
from the process of applying Trudi’s condensation-theorem to 
Sylvester’s bigradient. The additional fact, to which Mansion draws 
attention, namely, that many minors of the one eliminant have 
equivalents among the minors of the other, is also virtually included 
in Trudi. Thus, the four identities which Mansion indicates in the 
form (see his fig. 11) 


A % A Gy Ay As A 


149 % Gy Gy @ Gp Gi. 


PEN RT Hs bo |b 
oo roa. be bb 
by bap Be at White Shaikh i 
ok oe Psy we 
Perera (oe nmn satit *- 
GF ye a | . vy Ve Vg Va V5 Ue 
aa 
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where the }’s, w’s, v’s stand for 
© Mba +b, Ayds+ayby tab, aybs+ayby+a3b;—Ayb) gb tagbg—Agby yg — Agbo 
. Adz + ab, 163+ ab, Udy t+ Asbo t+Asby — gbg — gh) + a44b,— a5), aybs—agb, 
a,b, axbs Azb3 — agdo ayb; — gb, Asb3 — AgDe, 
are only four of the ten noted by Trudi, the others being excluded, 
so to speak, by drawing three vertical dotted lines on the right of 
each determinant instead of continuing the horizontal dotted lines 
all the way towards the right. 


From the foregoing there is probably no serious omission of 
papers dealing directly with bigradients, and in particular with the 
bigradient eliminant. But, as it is possible to study the subject 
of the common roots of two integral equations without direct 
reference to bigradients, and as the other determinants that may then 
be used can generally be transformed into bigradients, it will doubt- 
less be of service to the student of determinants to give the following 
list of titles of papers on elimination. When taken together with 
the preceding papers on the same subject they will also be helpful 
to the student of the theory of equations : 


1870. Gorpan, P. Ueber die Bildung der Resultante zweier 
Gleichungen. Math. Annalen, iii. pp. 355-414. 

1872. NancetspacH, H. Ueber die Resultante zweier ganzen 
Functionen. Zeitschrift f. Math. u. Phys., xvii. pp. 333- 
346. 

1876. Darsoux, G. Sur la théorie de |’élimination entre deux 
équations & une variable. Bull. des Scr. Math., x. pp. 
56-64 ; (2) i. pp. 54-64. 

1877. Roucut, E. Sur Vélimination. Nouv. Annales de Math., 
(2) xvi. pp. 105-113. 

1877. Icet, B. Einige Satze und Beweise zur Theorie der Result- 
ante. Sztzungsb.... Akad. d. Wiss. (Wien), Ixxvi. 
pp. 145-168. 

1877. Forestier, C. Exposition succincte de quelques méthodes 
d’élimination entre deux équations. Mém. de I’ Acad. des 
Sci. (Toulouse), (7) ix. pp. 142-163. 
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1878. Baranrecks, M. A. On the determination of the common 
roots... (In Polish). Pamietnik Towarzystwa Nauk 
Scistych (Paryz), x. 

1879. S6pERBLoM, A. Om algebr. equationer och equationscurver. 
64 pp. Upsala. 

1879. Brenter, C. Sur la théorie des équations. Dissert. 60 pp. 
Paris. 

1879. Farx, M. Sur la méthode de l’élimination de Bezout et 
Cauchy. Nova Acta Reg. Soc. (Upsala), x. No. 15, 36 pp. 

1879. Hioux, V. Note sur la méthode d’élimination Bezout- 
Cauchy. Nouv. Annales de Math., (2) xvui. pp. 289-295. 

1879. Manston, P. Surlélimination. Bull.... Acad... . Belgique, 
(2) xlvii. pp. 532-541; xlvii. pp. 463-472, 473-490, 
491-526. Also separately, 64 pp., Paris, 1884. 


The papers of Falk and Mansion devote some little space to 
reviewing the work of their predecessors, and are therefore addition- 
ally helpful. They do not, however, mention Trudi, nor indeed does 
any one of the other writers of that period. 

It may be noted as a significant fact in connection with the 
history of the subject that in 1876 the editors of the Nouvelles 
Annales found themselves called on to republish Cauchy’s important 
paper of 1840 (see Hist., i. pp. 240-243). Its reprint occupies 
pp. 385-416, 433-451 of vol. xv. of the second series. On this 
account, save for junior readers, the ‘exposition succincte’ above 
noted was quite unnecessary. 


CHAPTER XIV. 
HESSIANS, FROM 1862 TO 1879. 


CAYLEY, A. (1862). 


{On certain developable surfaces. Quart. Journ. of Math., vi. pp. 
108-126 ; or Collected Math. Papers, v. pp. 267-283. ] 


The matter here dealt with connects itself with Hessians through 
the fact that if wu = 0 be the equation of a developable surface, 
H(u) contains u as a factor. This fact also accounts for the intro- 
duction of the term * pro-hessian,’ the pro-hessian of wu being defined 
as H(uw)+wu. The paper contains the calculation of the Hessians 
and pro-hessians of the discriminants of 


(a, b, ¢, dit, 1)8, 
(a, 2b, 3c, 0, —27eXt, 1)4, 
(a, b, 0, d, edt, Wee 


Thus, in the case of the first of the three, as we already know from 
Cayley (Hist., ii. p. 382), the discriminant is its own pro-hessian. 


SALMON, G., AND FIEDLER, W. (1863). 


[VORLESUNGEN ZUR EINFUHRUNG IN DIE ALGEBRA DER LINEAREN 
TRANSFORMATIONEN. vili+271 pp. Leipzig.] 


At the close of Lesson VI. of the original Fiedler inserts on his 
own responsibility a very full account of Hessians (§§ 57-60, pp. 98- 
110). Unfortunately he reproduces Hesse’s faulty evidence in 
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support of the doubtful proposition regarding the vanishing of the 
Hessian of a function; namely, that such evanescence necessitates 
among the first differential-coefficients of the function the existence 
of a linear relation with constant coefficients, and that therefore 
through a linear transformation it is possible to express the function 
in terms of one variable fewer. 

In the second edition published in 1877 the account does not 
appear, and in a note (no. 37) the real facts are shortly stated 
and reference made to Gordan and Noether (see below, pp. 368-9). 


TRUDI, N. (1862): BALTZER, R. (1864, -70, -75). 
[TrorIA DEI DETERMINANTI,.... ix+268 pp. Napoli.] 


[THEORIE UND ANWENDUNG DER DETERMINANTEN. 2te Aufl. 
vi+224 pp.; 3te Aufl. vi+241 pp.; 4te Aufl. viii+236 pp. 
Leipzig. ] 

Trudi’s treatment (p. 205, $10; p. 208, $3 ; pp. 218-228, $$ 1-9) is 
full, like Fiedler’s, but is not in the same way faulty. 

The successive editions of Baltzer show a number of changes, 
but as a rule they are merely for the improvement of the 
exposition. 

In speaking formerly, under Baltzer (Hist., ii. p. 399), of the 
vanishing determinant, 


halt Ur 

| Lt tg eee 

Nees 4 . 

| ly thy th cee Thee 
Uy te Pe? AO eee 
Un Mii. ithe eee 


we might have noted that because of evanescence and axisymmetry 
every element of its adjugate will vanish if one of them vanishes, 
and that in particular this is true when the latter is in the (1.1)™ 
place and is thus A—a fact which is naturally corroborated by 
the adjugate being known from (a) and (8) to have A for a factor 
of every one of its elements. It is there also seen that the said 
adjugate 
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1 oy Ce Rea re 
2 
Ant Ly Ly Dt, . « « LyX 
ee 2 
— (1— m2)” Ly Lolly Lo oe Lyhn 
Ln Unt, Un%, .. . Ln ’ 


which, as it ought, manifestly vanishes, whatever A may be.* 


STUDNICKA, F. J. (1868). 

[Weber die Anwendung der Hesse’schen Determinanten in der 
Theorie der Maxima und Minima von Functionen mehrerer 
unabhangigen Variablen. Sitzwngsb. . . . Ges. d. Wiss. (Prag), 
Jahrg. 1868, pp. 67-72. ] 

As is known, from Lagrange (1797),{ the expression whose sign 
decides whether an extreme value of 


I(x; Rages aa) 
is @a Maximum or minimum is 
hy? fir + Qyheftat 6. . thn®fans 


where the h’s are infinitesimal increments of the z’s, and 


a is denoted by f, 
3a, Ox, Pra 
The origin of Studnicka’s so-called application lies in the fact that 
the form of this expression is that of a quadric in the h’s with the 


Hessian 
faa too rele ral 


for its discriminant. There is nothing fresh in his paper save the 
use of the determinant notation and of the name ‘ Hessian.’ 


* It may also be noted that an identity, which in this connection we may appro- 
priately write in the form 
th Witty trong GAS 
| 


= m(m-1)u, 


x9 


Hu) 
Xn 


is attributed by Baltzer to Lacroix, the reference being ‘ Calc. diff., § 91’ at first, 
and then later to ‘ Calc. diff., § 292.’ 

+ Lagrange, J. L. Théorie des Fonctions Analytiques, 2° Partie, chap. ii®; 
or Guvres, ix. pp. 280-295. 
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GUNDELFINGER, 8. (1872, 1876). 


[Ueber die Ausartungen einer Curve dritter Ordnung. Math. 
Annalen, iv. pp. 559-572. ] 
[Intorno ad alcune formole della teoria delle curve di secondo e di 
terzo ordine. Annali di Mat., (2) v. pp. 223-235. ] 


The subject here dealt with had already been examined by 
Sylvester in 1852 (see Cambr. and Dubl. Math. Journ., vii. pp. 187- 
188). Much of it does not concern us. The most relevant part 
bears on Sylvester’s fifth result, namely, that a ternary cubic when 
it is proportional to its Hessian is resolvable into linear factors. This 
Gundelfinger proves at length (pp. 227-230). 

As an example we may note for ourselves the circulant 


x + y3 + 22— 32yz, 
the Hessian of which is 
— 54(a3 + y3 + 23 — 32yz). 


CAYLEY, A. (1872). 
[Theorem in regard to the Hessian of a quaternary function. Quart. 
Journ. of Math., xii. pp. 193-197 ; or Collected Math. Papers, 
ix. pp. 90-93. ] 
The function in question is 
P* + AQ’, 
where P, Q are quaternary functions of the same variables, and 


is a constant. The result is lengthy and unattractive, and the 
demonstration confessedly tedious. 


CASORATI, F. (1874). 


[Sui determinanti di funzioni. Mem. del R. Istituto Lombardo, 
xlil. pp. 181-187.] 

As already explained (chap. ix.), part of Casorati’s object in this 
paper was to ascertain the effect produced on the Hessian by multi- 
plying or dividing the basic function by another function of the 
same variables. In his quest (§ 2) no theorem analogous to those 
which hold in the case of the Jacobian, prejacobian and Wronskian 
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rewarded him. He reached, however, three results of minor 
importance ; namely, 

(1) Lf an integral function of n variables be divisible by the m™” 
power of a function of the same variables, the Hessian of the former 
as divisible by the n(m—1)" power of the latter. 

(2) Lf a function of n variables be divisible by a function of u of 
these variables, the Hessian of the former is divisible by the (n—2u)” 
power of the latter. 

(2') Lf a function of n variables be divisible by a linear function of 
the same variables, the Hessian of the former is divisible by the (n—2)” 
power of the latter. 

The last section (§ 4) is also devoted to the Hessian, namely, 
to an extension of the theorem regarding its covariance, the number 
(v) of new variables being no longer the same as the number (n) 
in the untransformed function. The case where »<v is fully 
worked out. 


PASCH, M. (1874). 


[Zur Theorie der Hesse’schen Determinante. Crelle’s Journ., 
Ixxx. pp. 169-176.] 

Here again the subject is Hesse’s contested proposition, the 
result being to show that the proposition holds in the case of ternary 
and quaternary cubics. 

If u be a ternary cubic and H(u) vanish identically, it is known 
that 

Ci ies Cisne | 

Ue Us, Usa Us 

Us sass Us 
| Vee ts 


and the determinant here being axisymmetric, and having the com- 
plementary minor of the element in the (4,4) place equal to 0, 
it follows that 

(Uj, + Uste + Use)” = 0, 
where U,, is the cofactor of u,, in H(w). If therefore it could be 
shown that the cofactors of w,, u,, v3 in this last identity are re- 
placeable by constants, the desired end would be reached. 
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This is what Pasch accomplishes. He begins with the much 
more general identity 


; Uy, Up - -- Un Yr) 
Un Usp +--+ - Uen D>) Yrter) 
: ane ee Ge 
Ol Oa Rah inge ah UE lee A 1 OE 
ce ee ae eee 


and derives therefrom three others by operating thrice with 
te) 
SENET haa gh nail ah i 


From this set of four he obtains two other sets by making the 
substitutions 

Ys Yar - + +>Yn = %%, %q,- +--+ 5 Ly, 

Y1> Yor. > + +> Yn = &:, €; + - ans 
and then by combining the first, second, third of the third set with 
the second, third, fourth of the second set he reaches his general 
results. To bring these into close touch with Hesse’s proposition 
it only remains to put 


Uy, Vo, wee sig Un = Uy; Us, Ch eae po Un. 
The paper closes with matter analogous to Gundelfinger’s, namely, 
with the enunciation of the conditions for a ternary cubic being 


resolvable in various special ways: the quaternary cubic is, how- 
ever, also now dealt with. 


GORDAN, P. (1875): NOETHER, M. (1876). 


[Ueber einen Satz von Hesse. Sitzuwngsb. . . . Soc. zu Erlangen, 
vil. pp. 89-94. ] 

[Ueber die algebraischen Formen mit identisch verschwindender 
Hesse’sche Determinante. Svtzwngsb. . . . Soc. zu Erlangen, 
vill. pp. 51-56. ] 

[Ueber die algebraischen Formen, deren Hesse’sche Determinante 
identisch verschwindet. Math. Annalen, x. pp. 547-568. ] 


In the first of these papers Gordan, going a little farther than 
Pasch, shows that Hesse’s contested proposition holds for all ternary 
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forms ; in the second Noether indicates a simpler way by which he 
and Gordan had been able to include all quaternaries also, and 
announces that Gordan had convinced himself of the impossibility 
of further extension. In the third the two writers give a careful 
and exhaustive exposition of their combined labours. 

We may therefore now sum up by saying that the proposition 
holds only for binary, ternary and quaternary quantics, and that 
if we prefer to include also n-ary quadrics we have to bear in mind 
that the Hessian is then practically identical with the discriminant. 
Sylvester’s dictum of 1853 has thus come to be justified. 


GRAVELAAR, N. L. W. A. (1877). 


[Eene stelling uit de theorie der lineare substitution. Neww 
Archef v. Wisk., iti. pp. 193-202.] 

Accepting without question Hesse’s pair of theorems of 1851, and 
apparently being unaware of any subsequent investigations on the 
subject, Gravelaar enunciates and seeks to establish generalisations 
of both, the extension taking the direction of a greater reduction 
than 1 in the number of variables. The direct theorem, it will be 
remembered, had already received a slight extension of this kind 
(see Hist., ii. p. 398 at bottom). In the case of the disputed con- 
verse theorem he satisfies himself of its truth by concluding too 
readily, from the axisymmetry of the adjugate of the given vanishing 
Hessian, that all the primary minors of the Hessian have a common 
factor of the highest possible degree in the variables, and that 
consequently all the cofactors are constants. 


BARANIECKI, M. A. (1878-9). 
[TreoryA WyzNACzZNIKOW. xxili+595 pp. Paryz.] 


To Hessians Baraniecki devotes as many as twenty-two pages 
(pp. 509-530), giving a full and well-informed exposition. 

In the course of this he does not go beyond the binary quantic, in 
which case he points out that we then have 


Uy, + Uyyt, = (mM— 1)u,) 
Ug iL, + Uggt, = (m— 1) Uy ) , 
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and that therefore, if the determinant |2,%29| vanish,* we must 
have 


Ua Ree seas 

Ugy Ugo Up’ 
and consequently CU, + Gu, = 0. 
By way of illustration he takes 

u = 8x? —36a%y + 54ay? —27y3, 
and, finding the Hessian to vanish, obtains the relation 
3U,+2u. = 0, 

and u = 8(x—3y)?. 


To the work of Pasch, Gordan, and Noether he merely refers in a 
footnote. 


SYLVESTER, J. J. (1878): SHARP, W. J. C. (1879): 
ELLIOTT, E. B. (1881). 


[Questions 5762, 6077, 6756. Educ. Times, xxxi. p. 269, xxxul. 
p. 60, xxxiv. p. 172; or Math. from Educ. Times, xxxii. pp. 
34-35, 92; xxxix. p. 41.] 


If u be a binary n° it is known that 


Pu Ou Ou 
us yr a] oye (n—1) Oy? 
and 
O7u O*u Ou 
ae Piss be ties 2 = == . 
uv a + sh Resp +y Bivonn n(n—1)u: 
and from these it readily follows that 
ou? fu 
= | 2 (Ss mht te ae 
(n—1) (<*) n(n—1)u ay = y?H(u). 


This is the result numbered 5762 and attributed to Sylvester by 
Sharp when proving it.t It is, however, merely the simplest case 


*It might have been noted before this that the Hessian of u could be defined 
as the determinant of the set of equations got from applying to the first derivatives 
of u Huler’s theorem regarding the differentiation of homogeneous functions. 

+ The original ‘ question’ bearing this number was proposed in September 1878, 
and is quite different from Sylvester’s. 
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(r = 1) of Brioschi’s result of 1854 (Hist., ii. pp. 394-396), which 
is the subject of ‘ question 6756.’ 

Should w have p roots each equal to a, we have only to substitute 
(x—a)?v for u, when it is at once found that the Hessian must have 
2(p—1) roots equal to a, as Sharp states (6077). 


SYLVESTER, J. J. (1879). 


panergon 6154. Educ. Times, xxxii. p. 341; or Math. from Educ. 
Times, xxxiv. pp. 108-109. ] 


When correctly stated the theorem here given is that if the roots 
of a binary quantic be all real and different, the roots of its Hessian 
will be all imaginary, and the proofs rest of course on the fact that the 
Hessian being always negative never changes its sign for any real 
value of z/y. What is more worth noting, however, is the fact on 
which one of the proofs is based, namely, that if a, ag, ..., an 
be the roots of a binary quantic, its Hessian is an arithmetical 
multiple of 

—>)(a,— a9)?(a@— as)?(e— a4)? eh aus 
From this also, or from the result 6077 above, there comes the 
generalisation that 7f m of the roots of the quantic be identical and 
all the rest different, the number of imaginary roots in the Hessian 
4s 2(n—m—1). 


CHAPTER XV. 


CIRCULANTS, FROM 1861 TO 1880. 


In addition to the determinants previously classed under this 
heading there are now placed those in which it is not the elements 
that circulate but square arrays of elements ; for example, 


% a@ a3 d d ds Oy Ogi Sins © Ges 
b, by bs & & e3 hoe aGq ag fi h 
G % ¢s fi fe fs €& & A A G & 
dy dy dy a Q as Ai fo fb be a’ dy 
& €3 b by bg G % % & A a, 
Ai fa fs %& & Cs], di dg fi fo b& bl, 


the circulating arrays in the former case being those of |a,b,cs|, 


|d,e,f3|, and in the latter those of |a,b,|, |¢d,|, |e,f2|. Probably 
the first example of such ‘ block’ circulants to appear was 


d 


aj o Oo 8 
oUh Qk OO 
SEST S59 


Cc 
b 
a |; 


spoken of originally as biaxisymmetric : its circulating arrays are 
themselves those of circulants, namely, of C(a, b), C(c, d), and 
consequently its rows all contain the same elements (Hist., ii. 
pp. 145-146). 
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ROBERTS, M. (1861). 


[Question 581. Nowv. Annales de Math., xx. p. 139. Solution by 
EK. Beltrami in (2) iti. (1864, February), pp. 64-66. ] 
Roberts’ theorem concerns the circulant C whose elements are 

the terms of the expansion of 

(t+1)"—1 

ain Reg IAS 
and is to the effect (1) that there are no odd powers of ¢ in the 
development of the circulant, and (2) that if in the said development 
€ be put for ¢?, the equation in € 

Craze = 0 
has for its roots the squares of the differences of the roots of the 
equation 


y*—1 = 0. 
If w,, w,, . . . be the n roots of 1 we have identically 
(t—w,)(t— we) ere me (t—w,) = “~—l], 


and therefore also 

{t—(w—w,) } {t—(w.—w,) } te {t—(wn—w,) } = (t+o,)"—1, 
where the 7" factor on the left is simply ¢ itself. Hence the 
expression 


(to)"—1 (te)"—1 — (¢+a_)"—1 
jae : Rig : 
consists of n(n—1) factors, which, if suitably combined in pairs, are 
replaceable by 4n(n—1) factors of the form t?—(w,—,)?. But the 
said expression being equal to C by Spottiswoode’s theorem (which, 
however, Beltrami does not assume*) the desired result at once 
follows. 


ZEHFUSS, G. (1862). 


[Anwendungen einer besonderen Determinante. Zevtschrift f. Math. 
u. Phys., vii. pp. 439-445. ] 

Zehfuss proves Spottiswoode’s result by multiplying the rows in 

order by 6°, 6, ', ... , 0, respectively, and the columns in order by 

I, 6,, 0;,..., 6, , @ procedure which amounts to multiplying the 


* For his mode of proof see under Baltzer (1864). 
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determinant by 6:(1:6,:6,... 0; °')%, that is, by 1. Addition 
of the rows is then all that is wanted to reach the desired result. 
He notes the special case C(z, y, 0,0, .. -)n = 2+”. 

The rest of the article (pp. 441-445) is devoted to the “ Anwen- 
dungen,” namely, (1) to Hisenstein’s expression 

2 + DD’y? + DD’ — 3Dazyz. 

where the letters denote complex numbers and D = D’D”; and 
(2) to a letter of Jacobi’s on cyclotomy and the theory of integers. 


BALTZER, R. (1864). 


[THEORIE UND ANWENDUNG DER DETERMINANTEN..... 2te ver- 
mehrte Aufl. viii+224 pp. Leipzig. ] 


With Baltzer (§ 11, 1,2,3) the determinant 


Ao—Y Qy a, ae ee Qn 
An-1 ay—Y ay An-2 
Gn-2 An-1 Ao—Y An-3 
Q Ag Qs Be, 8 Ao—Y > 
or C(ay—y, Qy, Ag, +++ 5 An-1) say, 


—which, of course, is not more general than 
O(a, QM, UM - +s, An-1)s 


—is openly reached (p.92) by eliminating a dialytically* from 
the equations 


Y = Ataer+ae*+...+@,,2"" and 1 = 2". 


* Namely, by using on the first equation the multipliers x, a®,...,2,-,, and 
substituting 1 for 2 wherever the latter turns up, exactly as Beltrami did. The 
same result, however, is reached by following Bezout’s ‘abridged method.’ On 
the other hand, the application of Sylvester’s dialytic method unmodified entails, 
as we know, the performance of multiplication on both equations, and gives an 
eliminant of a higher order. For example, in the case of n = 8 it gives 


A A A 
My Ca eo 
A A AN 
Le ee eS 
1 Pe ~ —l|, 


where we have to increase the 4th column by the Ist, and the 5th by the 2nd, before 
we can reach O(a, @, a). 
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He does not, however, note, as Beltrami did in a special case early 
in the same year, that by using another method of elimination, 
namely, Kuler’s of 1748, the eliminant is found to be 


r=n 


I (%— y+ 416, + a6,-+ ... +0416") 


r=l 
where 6, is an n root of 1: and thus he fails to bring out the fact 
that Spottiswoode’s result of 1853 is nothing more or less than the 
statement of the equality of those two eliminants.* Instead of this 
he performs the operation 

col, + 6,coly + 6-colg+... +6" ‘col, 
and so arrives at a practically equivalent result, namely, that the 
equation 
C(a@y—Y, Gy, Ge, -- +5 Sn) = 9 

is satisfied by putting 

‘y = d+ 4,6,+ a0, ar Ss ae enty 


Two other points worth noting are (1) his calling 


n-1 
r 


C(a; a, a2, FT Ces) Gn-1) 


the norm of 5 


% + a@,6, + a,0- tee. 0. |; 
in accordance with an extension of a usage of Gauss’, and (2) his 
statement that of the n™ terms got by working out the product 
TI (a + 4,60, + a0, Sakai x40, ) 


only the 1-2-3... m terms of the determinant remain. In 

regard to the former it has to be remarked that 6, must then be 

restricted to stand for a primitive n root of 1, and in regard to the 

latter that even some of the 1-2-3... nm terms of the determinant 

do not remain. 

WOLSTENHOLMEH, J. (1867). 
[A Boox or MatHematicaL PRoBLEMS,.... 344 pp. London.] 
Result no. 920 is 
cos @— cos(n+ 1)A}"— {1—cos nO}" 

C(cos 6, cos 260, o oon OS! n@) = ee ee 

after deleting a sign-factor. 


* See Hist., ii. pp. 369-370. 
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BALTZER, R. (1870). 
[THEORIE UND ANWENDUNG DER DETERMINANTEN ... . dte 
verbesserte Aufl. viii+242 pp. Leipzig.] 

In addition to a few changes in phraseology this edition contains 
the fresh theorem that in every term of C(ap, a, a, - - 5 An) 
the sum of the suffixes is divisible by n. The proof is based on the 
fact that the suffix of any element (7, k) is either —i+k or n—i+k 
according as 7 is less* or greater than k; for from this it follows 
that in the case of any term 


(Lin)(28) (Sethian: 
the sum of the suffixes differs from a multiple of n by 


—1—2-—3—....4+7rt+st+i-+...., 
that is by 0. 


STERN, M. A. (1871). 
[Einige Bemerkungen iiber eine Determinante. Crelle’s Journ., 
Ixxili. pp. 374-380. } 

Stern opens with what he means to be merely a fresh proof of 
Spottiswoode’s result : what he actually obtains, however, is some- 
thing more important, namely, not merely the establishment of the 
fact that 

a, + 4,0, + 4,0 +... +4,0"7' 
is a factor of 
Clay, a ees) 
but the further fact that the cofactor is 
A,0" a A," “ AsO + UE eal x AGO 


where A,, Ay, ... are the signed complementary minors of the 
elements of the first row of C. By way of proof he notes that if the 
multiplication of these two factors be performed, the coefficient of 
6” in the product is 


Aya+Apant+...+A,a,, te OC; 


* He means ‘ not greater.’ 
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and the coefficient of any other power of 9, being equal to the 


product of A,, A,,..., A, by a row of C other than the first must 
vanish. The proof is thus seen to be based on the identities 
A, + a,A,--..: Bue Tae 
GnpAy+mA,+...+4,,A, = 0 
aA, +a;A,+...4+ bent Sib i 


which Stern also uses to obtain by means of addition the special 
case 
(4 + a+... +@,)(Ay+A,+...+A4,) = C, 
Orgsaya 2a DA, = C. 


Differentiating, he next obtains from this, with the help of a 
result of Cremona’s, 


Sees 2 EA he 
ay, 
ZA + 2a a = A,, 
pf OD Ge DAninis 
BOC ge ere es | = n(A,—A,), 


from which he concludes that 
A,—A, contains Da as a factor. 


Thenceforward he specialises. Taking the case where n is 
prime, and where, therefore, the n roots are 1, 6, 6%,..., @"—, he 
denotes the product of all Spottiswoode’s factors except 


tat... +a, and 6"a,+ 6""a,+...+ 6a, 


by 
6,+6,60+6,07+...+6,6°- 
and establishes the result 
Bs n—l 
Op, eae 
w—l 
where ab stands for a,b,+4,b.+...+4,b,. The expressing of 
the 6’s in terms of the a’s is not attempted. Further specialisation 
affects the a’s, the investigation (pp. 377-380) becoming more 
intimately associated with the Theory of Integers. 


> 
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GLAISHER, J. W. L. (1872). 


{On functions with recurring derivatives. Proceed. London Math. 
Soc., iv. pp. 113-116.] 


The functions referred to are 
gn 


1+ t+ Gat 


gt gent 
+ 54 


Leen iyo nul 


2nr—1 3n—1 


ue x x 


@=ne Ont Onialieoe 


which are readily seen to satisfy the differential equation 
d™u 
da” 
the derivate of the first function being the last, the derivate 
of the second being the first, and so on. Denoting them by 
oo dv ++ +> Snr, Glaisher of course obtains at once 
cL eal -toni = & 
ac ma oe OF na 


the 


I 
ad 


rey ane Pe =. Oba = ol) 


where 1, 0,, 0,,..., On; are the n™ roots of 1, and thence, by 
multiplication and the use of Spottiswoode’s theorem, 
fo py pe eet) pn 
oe eke ' ‘ aie = @O+G+...46n4) = O = ], 
pi gd, $3 +--+ do 


Similarly Wo, Wi, Wo, -- +, Wn being the functions got from 
the ¢’s by making the even-numbered terms of the latter 
negative, and therefore being solutions of the equation 


amy 
da 


Lis 
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it is found that 


seis gra lt hg hee oa 

Ney Wo Wy ie Wns 

— Vn —Vn- Wo eens = OL. 

=r = —W; ie Wo 

It is properly pointed out that the case of the ¢’s where n = 3 


had been obtained in 1827 by Louis Olivier (see Crelle’s Journ., 
il. pp. 243-251). 


GUNTHER, 8. (1875). 


[LeHRBUCH DER DETERMINANTEN-THEORIE, . ..  vili+236 pp. 
Erlangen. ] 

Giinther devotes two pages ($11, pp. 93-95) to the subject, but 
they contain nothing fresh save the proposal to call the determinant 
“ doppeltorthosymmetrisch,’ a quite unsuitable name which accu- 
rately describes a very different special form.* 


BALTZER, R. (1875). 


{THEORIE UND ANWENDUNG DER DETERMINANTEN. 4te ver- 
besserte Aufl... . viiit+247 pp. Leipzig. ] 
The only fresh matter in this edition is the statement that in the 
case of the evanescent determinant 
C(ay— p; Ay, Ag» +++ Gn); 
‘where 
o = +404 4,07? +... +46", 


the signed complementary minors of the elements of any row form 


* A determinant which is doubly ‘orthosymmetric’ can have only two different 
elements, and must have all its odd-numbered columns identical, and all its even- 
numbered columns identical. This is readily seen on starting with the first two 
elements and then carrying out the requirements of double ‘ orthosymmetry.’ 


For example, 


cra FR 
ecreseo 
cra oe, 
ecrce oe 
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an equirational progression whose constant multiplier is 6. In 
illustration of this we may add that the adjugate of 


C(— b0 — c62, 5, c), 
if we write M for 6262+ bc-+ c?@, is 


'M 6M @M oP Gk. 
6M @M M | ue M316 @ 1/1 te. 0. 
eM M 06M sic] ten gid 


NICODEMI, R. (1877). 


{Intorno ad alcune funzioni piu generali delle funzioni iperboliche. 
Grornale di Mat., xv. pp. 193-234. ] 


The section which concerns determinants (pp. 205-210) contains 
an already known proof of Spottiswoode’s theorem, this theorem 
being thereupon used, as Glaisher had already done (1872), to obtain 


a generalization of 


coshz sinhz mith 


sinhz coshz 


SCOTT, R. F. (1878). 


[On some theorems in determinants. Messenger of Math., viii. 
pp. 33-37. ] 

In §2 of this paper there are five fresh results, the first two 
being, if A = log {C(a,, ag, ... ay), 


OA Or OA 
C(a, Qs, se ey Qn) x os a,’ wie). 8 a) = n 
and Hessian of X = (—1)i"-). yn. 


In establishing these, the requisite differentiations are performed 
on the linear factors of the circulant. The next two are merely 
stated, namely, 


0(12, 2. ., n*) —_ (—1) SEC ED yes, {(n+2)"—n"}, 


O(1, n—1, #(n—1)(n—2),...,1) = (ee when 7 is odd. 
0 when n is even. 
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The last is an extension of Wolstenholme’s result of 1867, giving 
the evaluation of a circulant in which the elements are the cosines 
(or sines) of the angles a, a+b, a+2b,...,a+(n—1)b, 
namely, 

{ cosa—cos(a+nb) \"— {cos(a—b)—cos(a+n— LGB) 

2(1—cosnb) 

This is reached by using the exponential expression for the 
cosine. 


GLAISHER, J. W. L. (1877-78). 


[Sur un déterminant. Assoc. frane. pour Vavancem. des sci., vi. 
pp. 177-179. ] 
{On the values of a class of determinants. Report. . . British Assoc. 
Se xvi, pa0. | 
[On the factors of a special form of determinant. Quart. Journ. of 
Math., xv. pp. 347-356. ] 


As has been already pointed out, the annexing of —z to the 
diagonal elements of the circulant C(a,, a,.,..., @,), does not 
alter the determinant as regards generality. If, however, the 
order of the last m—1 rows be reversed, thus producing a 
determinant equal to (—1)?-"-C and symmetric with respect 
to the primary diagonal, the annexing of —z to the elements 
of the said diagonal produces a determinant requiring fresh 
investigation. This requirement Glaisher supplies. 

Having found that 


a—x b c = — {a—(a+b+e)} 
DO Vie Cmte x? —(a+ob+w*ec) 
Cc a b—2x | Te 
a—xz 0D c a = {a—(a+b+ce+d) } 
b c-a d a -{x—(a—b+e—d)} 
c ad a-—-av 06 a eet 
d a ban ae L -(a—bi+c1?—d?’)J, 


and that the cofactor of z—(a+b+c+d-+e) in the next case was a 
quadratic in x?, he surmised the existence of a general proposition 
including the three, and stated his surmise at the meetings of the 
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two Associations mentioned above. The immediate result was 
that Professor J. C. Adams formally established the anticipated 
identity. Taking a set of equations whose eliminant is the deter- 
minant in question, for example 

ce = xat+rAb+uc +rd+ £e 

AZT = xb+rAc+ud+ve +e| 

wx = xe+rAd+pe +va+€b 

ve = cd+re+puat+rb +é| 

fe = xe +rAatnub+rve+éd), 
Adams used on them the multipliers 1, 6, 6°, 6°, 6* (@ being an 
imaginary fifth root of 1), thus obtaining by addition 

L(k + 0A + Out 67v+ 64E) 
= (a+0b+ 6c + 6d + Ote)(ek +O7A+ O72 u + 6 *v+ OE). 
Similarly he obtained 
£(k+071A+ 074+ 077+ 0€) 
= (4+0-b+ 0c+ 0d + 6-4e)(k + OA+ Cut 6+ OFF), 
and then from the two by multiplication 
a = (4+0b+6%c+ 6d+ Oe)(a+0—b + 6c + 0d + Oe). 
This last being free of x, A, u, v, € it followed that 
x —(a+0b+ c+ Od + Oe) 
*(a+0-b+ 0c + 0d + 6) 

was a factor of the determinant with which he started, and there- 
fore that the said determinant was equal to 


— {x —(a+b+c+d+e)} 
-{a°—(a+b0 pies berasel 
‘(a+b6*+c+d0?+ 6 ) 
{2° —(a+b0?+c64+d6 fre 
-(a+b8+cd +d6++e6?)J. 
Glaisher himself properly points out that since @ is of the form 
cos 2m +7 sin 2m7, Adams’ quadratic factor must be of the form 


a*—(A+Bi)(A—Bz), we. w?—(A?+B%), 
a result which is in accordance with the fact of the reality of the 
roots of Lagrange’s determinantal equation. 
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Glaisher’s theorem, it should also be noted, is another instance 
of the assertion of the equivalence of two different forms of an 
eliminant. 

Three results of computation made in the course of the paper are 
also worth eccrine, but in a shorter notation, namely, 


C@, b,¢,d,e) = yas Der (be+cd) +5 Dae oa) — 5abede, 
C(a, b, ¢, d, e 
ieee = ya ~ Sak (b+et+d+e)+ Sa%(s2+e) 
F He 3 a?(2be + 2bd — 3be — 3ed + 2ce+ 2de)— y abed 
“0 
1 b Cc ad e 0 0 0 
ife—x . d e a = at—a2(25) ae A 
4 2 a, b, ¢, d, e 
Gh Ea b Mae ced Le? 
is e€ i 0+ c 
1 a b c d—2 


where, as before, 


Sa(be+ed) = a(be+cd)+b3(ca+de)+c(db+ea)+ . 


GLAISHER, J. W. L. (1878). 


[On a special form of determinant, and on certain functions of n 
variables analogous to the sine and cosine. Quart. Journ. of 
Math., xvi. pp. 15-33. ] 

Part of this paper (§§ 8, 9, 19, 20) is a continuation of the paper of 
1872, and the other part a continuation of that of 1877-78. 

The proof that the product of two circulants is expressible as a 
circulant is effected by substituting Spottiswoode’s equivalent for 
each. Similarly there is established, though somewhat imperfectly, 
the fresh theorem 


CCG, Opetemet ee g ee 60 CD, 156 i es cD), 
where 
Bie aad (ps1 partes tee Ug 0 One — Can 1 Gennis<-kets , — Ay) 


“| 


CO ee oO — Ons Oy aca, ) cnt y) 


B, = (a, Ap, eS” 7) Gon} Con; — Asn—2, Ayn-3, + + + > — Aen); 
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the special point to be noted being that, since 2°” = (x?)", the 
(2n)™ roots of 1 are the square roots of the n roots of 1, and 
therefore may be grouped in pairs whose sums vanish. For 
example, such a pair of sizth roots of 1 being 6, —6, the product 
of the corresponding pair of factors of C(a, b, ¢, d, e, f) is 
(a+0b+ 02c+ 67d + Oe+ Of) (a— 0b+ Oc — d+ Oe—O*f), 
the development of which we might obtain by changing it into 
(a+ c+ O4e)?— (b+ Od + OF PO 
and then squaring, etc., but which is better investigated by seeking 
the cofactors of 
6° or 6, 6 or 6%, @ or 6 6G or 6, 6 or 6, 6 


in the result of the multiplication. These are found to be 


a,—f, e¢—d, co, —b§a,b,c,d,ef) we. a?— 2bf + 2ce— d?, 
—b, a—f, e-d, ce} Jietee U: 

c, —b, a, —f, e —d¥ ) te. 2ac—b?—2df+ e?, 
—d, c,—b, a —f, ef )) 46.0; . 

e, —d, ¢—b, a —fs ) we. 2ae—2bd+c?—f?, 
—f, e-—d, e,—b, as yy, t.8. 0 


thus bringing clearly out their law of formation. The product 
itself is evidently 

(a? —2bf-+2ce— d?)+6(2ac — b? — 2df +e?) +64(2ae— 2bd +c? — f?), 
where 6? is one of the third roots of 1, and we are consequently 
entitled to conclude that 


C(a, 6,6, d, ef) 


= C(a?—d?—2bf+2ce, —b®+e+2ca—2df, &—f?—2db+ 2ew). 
Glaisher actually uses this to compute the final development of the 
six-line circulant. After correcting three misprints* and effecting 
condensation by employing a symbol for ‘alternating cyclic sums,’ 
we find the said development to be 


0 0 


>) (+a°)-3 >) { + at (bf+ ce+d?)} 
ala) yy. { +a3(c + 3b? + 8f%c + bed + 6def’) | 
+9S)(+a7ee) +9 Ss +a? (b?f? — 2df)}, 


*2e%a%, 12c%bed, 12a8def should be 2c3%a3, 12a%bed, 12c8def. 
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where, for example, > +? (bf? —2edf)\ stands for 
a? (b?f?—2c*df) — b?(ca?—2dea) + c2(d2b?—22fb) — ...., 
but where, nevertheless, Sy (+a7c’e) does not stand for 
azc?e2 — bd? f? =f c2e2q? ew a? f?b? + e2a2¢2 — f*b*d? 
but merely for a?c?e?— b2d2f2.* 


The rest of the paper ($§10-18) does not contain anything 
fresh so far as circulants are concerned. 


MENESSON,  . (1878). 


[Solutions des questions proposées (Question 185). Nouv. Corre- 
spondance Math., iv. pp. 185-187.] 


Not only is Spottiswoode’s result here explicitly obtained by 
equating the two forms of the eliminant of 
Oy 129" + On .h"* "+... +4,0+a = a 
am—1l = 0}, 
which were referred to under Baltzer (1864), but the parallel 
result is also stated, namely, that 
Cag, 1, dq, - +» Gna) = @_,(8;—1)(8{—-1) .. . (8), —1), 


where (6,, 8,,.. + , Gn, are the roots of the first equation. The 
latter in a less pleasing form is given by Wolstenholme later in 
the same year (Problem 1632). 


MINOZZI, A. (1878). 
[Sopra un determinante. Giornale di Mat., xvi. pp. 148-151.] 


Minozzi’s purpose is to find the final development of a circulant, 
not from the determinant form, but from Spottiswoode’s product. 
His first point is that, multiplication of the n factors having been 
performed, the terms of the resulting expression must be of the form 


C0 -y E15 €2 €n—-1 
AMO A? «5 MTs 


* This is the reason why we do not combine the two into 


0 
Dd) (02 Hf? + ce? - 208d) 3 
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where the e’s are positive integers whose sum isn. His next is that 
any a entering into this, say a,, must be accompanied by one of the 
6’s raised to the power k, and that therefore the form of A is known. 
His third is that A, being thus of necessity a symmetric function of 
the roots of the equation «"—1 = 0, can be calculated, and this 
all the more readily by reason of the fact that so many of the 
simple symmetric functions are equal to 0. For example, the 
coefficient of a,2a,¢, in C (a, @,, %, 3) 18 
00602 0 
1.€. 6,10,2 + 0,20, + 0,10,2 + 0,10,3 + 0,70,! + 0,705 
+ 0,10,3+ 6,10,5+ 0,10,3 + 0,30, + 0,305! + 0,°6,', 
te. (0, +6,+03+ 0,) (0,2 +62 +02 +0) — (A'+0,4+0,'+ 8,4), 
1.€. 0-0 — 4. 
Minozzi is careful to note that, in accordance with Baltzer’s 
theorem of 1870, it is only necessary to calculate A when the 
sum of the suffixes of the a’s is 0 or a multiple of n. For 
example, in the case of C(dp, @,, 4, @3) the coefficients would 
have to be found for 
Aphglyg, Aplot As AplyM,H, AgAgMgtts. 

Agllgoly Ay Ay A ghl 

Up AyAy Ay Aggy 

H40,44,0,, Aggy, 


LEMONNIER, H. (1879). 


[Calcul d’un déterminant. Bull. Soc. Math. de France, vii. pp. 
175-177; or, more fully, Nowv. Annales de Math., (2) xviii. 
pp. 518-524. ] 

The determinant in question is the circulant in which the elements 
are in equidifferent progression. The two modes of procedure 
followed are like Baehr’s of 1860, but neither is so good. 


GLAISHER, J. W. L. (1879). 
[Theorems in Algebra. Messenger of Math., viii. pp. 140-144. ] 


One of the two theorems is concerned with determinants, and 
is to the effect that if the 2 quantities a,,a,,... , Gn be 
connected by the n relations 
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(CP RGR = 0,5) tajc4 9. Sie Oto A, pans) Og, ead 
(Gee OO, Dos I — Gs ) z= 0 
Cope OO a gs es ov, tee yee 0 
(Gon—1, —AUgn—2, Aen—3, + + + 5 —Oen, ¥ ) = 0), 
then 

ClO Ost On, ee Onna 1, 


and the elements of the first row of C are respectively equal to the 
complementary minors of the elements of the first column. 

The truth of the first part of the theorem is a direct consequence 
of the same author’s theorem of the preceding year, our illustration 
of which makes clear that if 

2ac—b?—2df+e? = 0 and 2ae—2bd+c?—f? = 0, 
we must have 
C(a, b,¢,d,e, f) = (a?—d?—2bf+ 2ce)?, 
and with a third condition 
OW) Loe, CRA) as Ge 


To establish the second part we have to take along with the n 
conditioning equations the n identical equations 


ia Ope One ae — O10, Go; Aa, >.. > ,03,) =n0 
(Cpe O,, Ge. 8 pe O09 )=0 
(Gon, — Aon-1> Oon—25 on are) —a, 9 ) = 0 > 


thus obtaining a set of 2n equations having a,, d,, 3, ... , en 
as quasi unknowns and (—1)"C as the determinant of their 
coefficients. The usual expression for an unknown as the 
quotient of two determinants leads at once to the desired 
result. Thus, when n = 3 the set of equations is 


(a —f e —d.c —b a,b, ¢,d,¢,f) = 1,0,0,0, 0,0. 
b —a f —e d —e 
ec —b a —f e —d 
d —¢ b —a f —e 
e —ad c —b a —f 
f —e d —c b —a 
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PUCHTA, A. (1877). 
{Ein Determinantensatz und seine Umkehrung. Denkschr... . 
Akad. d. Wiss. (Wien), xxxviii. (2), pp. 215-221.] 


The special determinant dealt with is that which was incorrectly 
factorized by Bellavitis in 1857 (Hist., i. pp. 145-146) and correctly 
by Ferrers in 1861, namely, 


C210 Cm 
bade 
a Pe ive (a+b+c+d)(a+b—c—d)(a—b+ce—d) (a—b—c+d). 
rin WE RE 
Viewing the immediately preceding case to be 
a b 
bg] = HAD), 
Puchta asserts the next higher case to be 
abcdefgh 
baaef e hog 
eadabor ef (at+bt+c+d+e+f+gth)(at+b+c+d-e-f—-g-h 
debahgfe| _ ‘(a+b-c—d+e+f-g—h)(a+b-—c—d—-e-f+g+h 
efghatbed -(a—b+c-d+e-f+g—-h)(a—b+c-—d-—e+f—g+h 
fehgbade -(a-—b-c+d+e-f—g+h)(a-b-c+d-e+ft+g-l 
ghefedab 


hofedeba 


and proves that, for example, 
a—b+ce—d+e—f+g—h 
is a factor by performing the operation 
col, —col, +col, —col, + col; —col,+ col, —col,. 
He then concludes that the order-number of the determinant is a 


positive integral power of 2, and that the matrix in any case is of 
the form ALAR 


BA; 
where A and B are similar matrices of the next lower order. Follow- 


ing this comes a somewhat tedious investigation (pp. 217-219) of 
the law of formation of the linear factors, the result being a not 
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very concise or clearly worded rule-of-signs,* which is practically 
to the effect that The first sign is always +, the second sign is + or 
the opposite, the next set of two signs is the same as the Jirst set of two 
or the opposite, the next set of four signs is the same as the first set of 
four or the opposite, and so on. For example, if the order-number 
of the determinant be 2‘, there are four occasions on which we have 
to choose between same (s) or opposite (0), and if the register of 
our decisions be s os s, the resulting factor is 
a+b—c—d+e+f—g—h+i+j—k—l+m+n—0—p. 
What Puchta calls in his title the ‘converse’ proposition (pp. 
220-221) really concerns the finding of a determinant equal to a 
product of linear factors which differ only in the signs of their terms. 
The illustrative example given, namely, 
(a+b—c)(a—b+c)(—a+b+c) = —|a—b —-e e 
—b a-ec b 
c—b b-c a 
is not attractive. 


DOSTOR, G. (1877). 


[ELiments ... pes DirerMINANTs, . . . XXx1+352. Paris.] 


Dostor gives (p..72) a very peculiar mode of factorizing 
a b 


This depends on the fact, that if the given determinant be 


multiplied by 


lean eel 4 
ee eal 
Ss laser 241 1| 
= 1 9) 1 fare 


* At the basis of this is a proposition which may also be used in practice for 
obtaining the factors, namely, Jf a, be one of the linear factors of the determinant 
of the array A, and B, the corresponding factor of the determinant of the array B, 
then 


= a = (4, +;) (a1 — By) + (42 + Be) (4g — Ba) « (43 + Bs) (a3 — By) - (44+ B4) (a4 — By). 
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we can remove from the columns of the product-determinant the 
factors 

a+b+c+d, a+b—c—d, a—b+e—d, a—b—c+d 
respectively, and have left the determinant 


le eels 
Te |e ee 
toeol el ae 
elite oo) 


—that is to say, the conjugate of the multiplying determinant. 


NOETHER, M. (1879). 


[Zur Theorie der Thetafunctionen von beliebig vielen Argumenten 
(§ 15, pp. 322-325). Math. Annalen, xvi. pp. 270-344.] 


Noether arrives independently at Puchta’s result of 1877, and m 
an interesting way. Multiplying the second row of each successive 
pair of rows by (,, the last two rows of each successive quartet of 
rows by sy, the last four rows of each successive octet by 63,... -, 
and then treating the columns in exactly the same manner he obtains 
of course a determinant not differing in substance from the original 
if the 6’s be square roots of 1. But the columns and rows of the 
new form having on this assumption all the same sum, the desired 
resolution is effected. Thus, the eight-line determinant is found 
equal to 

all (a+ 8b + B.c+ 8, B.d + B,¢+ 8, 8,7+ 82839 + B,BoB5h). 
It should be carefully noted that if this be slightly changed in form, 
namely, into 
TT (e+ Bb +Bile+ B+ Belet Bif+ 8.9 + BBM}, 
it is seen to be but a symbolic representation of the verbal rule 
formulated under Puchta (1877). 

Noether next points out that the signed complementary minor of 
any one of the variables is the same for all positions which the variable 
occupies, and that consequently the adjugate determinant is of the 
same form as the original. He is then able to profit by the fact that 
the factor 

a+fB,b+B.c+B,Bd+.... 


CIRCULANTS (NOETHER, 1879) 391 


might have been removed from the determinant in its original form 
after simply increasing the first column by 8, times the second, 
2 times the third, 6,8, times the fourth, and soon. For this being 
done, the elements remaining in the first column are 


1, By, By, BiB... , 


showing that the determinant remaining is 
A+BB+B,C+B,8,D+...., 

and therefore that the original determinant is equal to 

(4+8,6+Bc+8,Bd+... -)(A+8,B+8,0+6,6,.D+....), 


a proposition which at once recalls Stern’s of 1871 regarding the 
simple circulant. 


NOETHER, M. (1879). 


[Notiz iiber eine Classe symmetrischer Determinanten. Math. 
Annalen, xvi. pp. 551-555. ] 


The resemblance between the properties established in the pre- 
ceding paper and those of the simple circulant may have struck 
Noether and led him to go deeper into the matter, with the result 
that he found a further point of resemblance, namely, in connection 
with elimination. When he thus came to recognize that Bellavitis’ 
four-line determinant and Puchta’s eight-line determinant were the 
eliminants of 

a+be+cy+dzy = 0 
eae p= } 
and 


a+be+cyt+daxy+ez+ fuzt+gyzthayz vf 
fit C28 IR! CT ten 


respectively, and to think at the same time of the circulant 
as the eliminant of 


cottage. huge! = 0} 
eax lee 


it was not difficult or unnatural to advance to the eliminant of 


ol oy 7 i = O 
De Gig. 4 MUP + + Uy } 
p—"p 
? 


LL ow ES TY oe eee =— 7 = 
Ui get Nye al ae J 
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and thereafter, apart from elimination, to specify it as a determinant, 
the mode of specification being by partitionment into squares 
exactly as in the particular case where the n’s were all equal to 2. 
Taking, for example, « = 3, ny = 2, my = 2, ns = 3, there results 
a twelve-line determinant whose matrix is of the form 


Pie Ose Bi 
Ra bae 
Q Rk P, 


where P, Q, R are matrices of Bellavitis’ form with the variables 


00 A100 %10 = 110° 

% 1 %1 un An» 

Boo2 A022 A112» 
respectively.* The determinant of the (n,n,...”,)™" order 
thus reached is then shown to possess the properties of the less 
general determinant considered in his previous paper. 


GEGENBAUR, L. (1880). 


(Ueber eine specielle symmetrische Determinante. Svtzungsb. .. . 
Akad. d. Wiss. (Wien), lxxxii. pp. 938-942. ] 

An unimportant alternative proof of Noether’s general theorem 

of the preceding year, with a so-called property of the determinant. 


*The multiple-suffix notation is not very attractive. If we use 

(2p panels (Es Ms Go os) topptand Hor (Le ye, a. ano 75 ity crete a alba) /Gaenenen bs 
the set of equations in this special case is 

((1, x)(1, y)(1, 2 2) $a, b,c,...,l) = ‘dh 

ea=y=a val, 
and the eleven other equations requisite for elimination are got from the first of 
these by multiplying it by 
CME nbs Ci) ALU, CaP Cay Bean Ory alent 


In the same notation the general set would he 


erea=ayoae”azi.n. = 


(1, @, ae = ° sae )(L yey ly eee “¢ yt ty 20 Gy Os Oe ”) = 0 


le 


CHAPTER XVI. 
CONTINUANTS, FROM 1850 TO 1880. 


Ir has to be recalled that the corresponding chapter of the immedi- 
ately preceding volume aimed at bringing the record up to the year 
1870. On this account two of the papers here dealt with belong 
properly to that volume. The approximate date assigned to the 
first paper rests on the opinion of the editor of it. Jacobi died 
in 1851. 


JACOBI, C. G. J. (1850 2). 

[Allgemeine Theorie der kettenbruchéhnlichen Algorithmen, in 
welchen jede Zahl aus drei vorhergehenden gebildet wird. 
Crelle’s Journ., lxix. (1868), pp. 29-64; or Gesammelte Werke, 
pp. 385-426. ] 

In this paper, published seventeen years after his death, Jacobi 
constructs a series whose first three terms are 
TEEN GR 

and every other term a sum of multiples of the three terms pre- 

ceding it ; thus, the multiples in question being 


Le” My, 
| OO ee 
the 4%, 5%, 6, . . . terms are 
a, +la,+ Mas, 


MaAy + (1yMy +1) d.+ (MyM, +1) as, 
(mgirg-+1,) ay +(L,mgMs +11, +mMs) de +(mMymymM;-+mM1, +1,mM3+1) as, 
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The interest of the investigation mainly concerns the student of 
Continued Fractions; but one result it is important for us to 
note, namely, that if three consecutive termS M,, G41, T+e of 
the series be 

Pity + Pots + P3%s, 

91% + Joe + Ys , 

TA, + Tog +1303, 
then 

|Piger3| = 1; 

and that if conversely a,, @, @, be expressed in terms of ay, 
Gniir %H42, the determinant of the coefficients of the latter is 
also 1. 

We may note for ourselves that the first part of the theorem is 
readily proved by using on the determinant the law of formation 
of the series, and that the second part is a direct consequence of 
the fact that the determinant there is the adjugate of | p,q7s |. 
It is not noted that the p’s, q’s, 7’s are themselves expressible as 
determinants, the special form of which is first referred to by 
Sylvester in 1853 (Hist. II., p. 418) and does not again turn up 
until Fiirstenau’s related paper of 1872, our account of which 
begins on the page opposite this. 


WOLSTENHOLME, J. (1867). 
{A Boox or MatHematicaL ProsieMs,.... 344 pp. London.] 


Problem 921 concerns the persymmetric and centrosymmetric 
continuant 


b 


the fresh point being that when x = 0, the value of the n-line deter- 
minant is n+ 1. 


We may add that this is readily established by performing the 
operation 
col, + 2col,+3col,+.... 
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ONOFRIO, P. (1872). 
{Ad una funzione che entra nella composizione delle ridotte delle 
frazioni continue, .... Giornale di Mat., x. pp. 37-46. ] 


The function referred to is Euler’s algorithm of 1764, and the 
properties of it given are mainly Euler’s also. We may note as 
being fresher the two, 


(Dyas 2, eee) Baz Ne ( ope N Cpireacnt aa to) 
=< (m, CaS) Ln-15 0, Ln41> 900) 1818 5) Ly) 
C 
ag, eaeins eg ty) Maa, perl (erp seal nee na 
a} 


FURSTENAU, E. (1872). 
[Ueber Kettenbriiche héherer Ordnung. Sch. Progr. Wiesbaden. ] 


By a continued-fraction ‘of higher order’ is meant a fraction like 


ct. 


Ril sepia 
, +9 sas 
where every plus sign is in general followed by a fraction-line. 
Those considered by Bereeenae originate in the two sets of sub- 
stitutions 


z as x 
X= — = 2 == Mg PP. 
% 4, Yi a +r Ye Yo cap 
I dL 1 
Yee" =; =61+—, 9 = 6 Geos 
0 vy Ly 1 Hips 2 See V3 
the successive approximations to X thus being 
b bts, 
Ory) a tee Ao az me 
i 2 
a + ly 
and to Y 
1 1 
bo, by se a.’ by oe b > 
: a,+— 
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When each approximation is reduced so as to consist of only one 
numerator and denominator, the series of denominators in the one 
case is the same as in the other. Further, the p denominator, 
D, say, of the series is expressible in the form 


ate past 
—l As bs 1 
—] as by 
Ay ? 


and the corresponding numerators X,, Y, as determinants obtain- 
able by bordering this, namely, 


Came en erie Gy 0; ae 
NA A ets * cea pit Wal reno 4 —1 Gr? Us 1 
EW a, bark lose 8 oerit grapnosell 
=o Le eonen lg” ait 4 wit -b@eri0aan oe 


A glance at the last column of each determinant shows that the 
recurrence-formulae for the X’s, the Y’s, and the N’s are all the 
same, namely, for example 


Np+2 ba yi iNoas a biN, ar Nes 


As a consequence of this it is easy to show that 


Kove pti Bp 
Yosas \oeaba ee Lom es 
Dy +2 Doi DL: 


for the application of the recurrence-formulae changes the 
determinant into 


X-, Xo X, p+1 X, Xp 
Yp2. Yper XP Bsc ey ey eye 


D1 Dy 41 D, Dy 41 D, Dey ly 
and therefore into 
X; X, X& 1 b a | 


Y,; Y, Y,], and thence finally|. 1 6, 
eee eae 
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The points of connection of this paper of Fiirstenau’s with the 
opening part of Jacobi’s of 1850 (2), should be carefully noted. 
Sylvester’s anticipation (1853) of such determinant forms as those 
for D,, . . . should also be recalled (Hist., ii. p. 418). 


STUDNICKA, F. J. (1872). 


[Ueber eine besondere Art von symmetralen Determinanten und 
deren Verwendung in der Theorie der Kettenbriiche. Sitzungsb. 
_.... bohm. Ges. d. Wiss. (Prag), Jahrg. 1872, pp. 74-78.] 


The determinant referred to in the title is 


a —l 
\ as 


; . Gf 
and the fact of its skewness leads Studnicka, unfortunately, to 
follow Cayley’s method of 1847 in finding the ordinary expansion 
of it. 

There is then formulated the familiar ‘rule’ referred to by 
Sylvester in his first paper of 1853. 


CASORATI, F. (1872). 


{Le proprieta cardinali degli strumenti ottici anche non centrati, 
Rendiconts del Reale Istituto Lombardo, v., fasc. iv. 13 pp.] 
In the course of his investigation Casorati has to deal with a 
series of quantities 8, 6, PB. ...., each of which, after the 
second, is dependent on the two preceding it in the manner indi- 
cated by the set of equations 


Bb, = 46, + Bo 
Bs = UB. + Bi + 7% 
Ba = Us83+ Bo 
Bs = UsB_ + Bs ics 
Be = UsBs+ Ba 


8, = U8. + Bs + 75 
Bs = uUBr + Be 
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and his problem is to obtain for any one of the said series an ex- 
pression involving no others of the series except the first two, the 


multipliers w4, %,,....,and the addends 7, 73,.... Taking 
the case of seven aatious he finds the result of solution to be 
i! : ; ; : . u,8,+ Bo 
la —1 : ‘ : . —B, +m 
1 u, —l : : 
Bs = 4. 1 u, —l : : Ts 
1 u, —l 
1 u, —l Ts 
1 Uz ; ; 


the determinant being next transformed so as to show the co- 
factors of 8, and 8, as continuants—a process which might have 
been extended to the cofactors of the z’s. 


BAUER, G. (1872). 


[Von einem Kettenbruche Euler’s und einem Theorem von Wallis. 
Abhandl. d. k. bayer. Acad. d. Wiss. (Miinchen), II. Cl. xi. (2), 
pp. 99-116. ] 


The continued-fraction referred to is 


and the theorem is that announced by Wallis in connection with 
the identity 


4 
T eres se 5? 
E+. 


of Brouncker, namely, that the product of 


12 
By fA one ae 2 
: Cty bie. 24 etl tae eH ) eb + 
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is a. The two things are linked together in the title because the 
main feature of the paper is the establishment of a relation between 
a continued-fraction of Kuler’s type and a continued-fraction of the 
very different type which appears in Wallis’ theorem. If we denote 
by S the continued-fraction 


een 
: Ce es. 
. ae N+ Arr J 
ar 
which includes Euler’s, and by T the fraction 
RO nt Gy 
ss Ml a oe 
oa ae n+ ap 
Ari ts Oy oh 7 
the relation in question is 
nSt1) _ 7 
S27 
or, as Bauer puts it, 
n(P,+Q,) _ 
P,+ nQ, 
where 
Q, = ay 1 
1 Os Ag 1 
ae Obs Ag 


Bh 1 


—N—Ap-1 Ay 


and P, is » times the complementary minor of the element 
in the place (1, 1) of Q,. In the latter form it is a relation 
between continued-fraction determinants, and as such claims our 


attention. 
By way of proof Bauer increases each row by all the rows following 
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it, and thereafter diminishes each column except the last by the 
columns immediately preceding it, and thus obtains 


Q, = —n 1 : eek ; ar +1 
—N—a, ay 1 mar | é a, +1 
—N—Ap Gg ---- : a, +1 
(es a,+1 

eee cm hy] ar ? 


and therefore 
= —nD,+(n+a,)-{D,—(a,+1)- I}, 
if D, be put for the determinant got by deleting the first row and 
first column of Q,, D, for the determinant got by deleting the first 
+wo rows and first two columns, and II for 
(n+ a )(n+ag5)... (N+ a,y_,). 


Similarly, of course, 


P, = "| —n 1 Peo as : a, +1 
—N—ad, a 1 .... ‘ a, +1 
Gr—-1 a 1 

pelt Oy 7 ay > 


and thus, by altering the (1, 1) element into a,— (n+ q)), there is 
obtained P, = nD, — n(n+a,)D,; 
so that on the elimination first of D, and then of D, from these 
expressions for Q, and P,, there results 

P, + Q = (n+ay){(1—m)D,—(a,+1)T}, 


P, + 2Q, = n{ (1 —n)D,— (n+-a)(a,-+1) TT}. 
These, on returning from D,, D,, II to their lengthy equivalents, 
are changeable into 


P, + Q, = (n+a,)| l—n : : ares : a,+1 
— to ag 1 er a : a,+1 

pee 9D oe sl 6 ee ; a,+1 

1 a, +1 

Ay—2 ade +1 


TN— Ap-y a, 
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and 


P,+7Q, = n| l—n , ; OF . a,+l1 
—N— ay ay 1 de : a,-+1 
ea mm Caan (ha RE 1a) Zhe : ar,+1 
1 a,+1 
ar—2 64-2 
ee Or a, 
where the two determinants, being of like formation, may be 
suitably denoted by V, and V,, and whence by division there is 
thus obtained 


n(P, ate Q,) _— V2 
Weegee ag 


With the V notation the recurrence-formula 
V; = a Vin + (n+ Gai) Views 
is next established,* from which it readily follows that 


V, dh N+ a, 
Vit old om apvepe 
Ee NP Opt n - a, 
Crete Gees 
and therefore Dante, 
TaN 
The result desired, namely, 
m(P, + Qe) 
P, + nQ, 


is thus realised. 


*Tt would have seemed more direct and natural to have shown that V is trans- 
formable into the continued-fraction determinant 
| a N+, 
'-] ay N + Og 
| : ay nN+a, 
i & 4 . -la-+1} 


_ and therefore V, into the determinant got from this by deleting the first row and 
first column. 
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In a subsequent part of the paper it is stated that in a quite 
similar manner the following more general theorem may be 
proved, namely, that if 


bic 
Sot oe bec 
Eph % tha 
: ; b,Cr—1 
and 
dP a= blo 
d+b,—q +, 
“ b,C,-2 
TFG tS 
then 


(Cy — d)S + bye, 
S+), 


Strictly speaking, this-is the only result of Bauer’s which concerns 
determinants, and the rest of his paper might with justice be passed 
over. The main application, however, is so easily deduced there- 
from, and is so interesting, that space may well be givenit. There 
is, indeed, little more to be done than to combine the case where 
c; = 6,,, with the case where c; = b,,.. For the one substitution 
gives us 


= 4 


(,—@)P+B2Q _ dbs 
P+ 6,Q ee 
ie 6,20, 
rit 7 us b,Dp41 
if P nS b,? d ~ Opa 
Q- d+h—b + 
; b,® 
ie d a Br41 a b, 
the other gives 
(b, —d) P’ +b,b,Q’ Rae 
P’+6,Q' d+b,—bs+, 
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: Py 6.0 
if —_— 12 
MOOSE a 
a rU rtd , 
eye ; 


and, the first continued-fraction in the one case being the same as 
the second continued-fraction in the other case, save that the last 
denominator of the former is d+6,,, and of the latter d, it thus at 
once follows that If the continued-fraction 


Pus yb, or S, say, 
di 


be convergent, then 


b? b.2 _ b S+b, 
Ste aie bra aes net *S+d+b, 
and er 
b? b.2 a oe S—b, 
SEOs aera 1S+d+b, } ; 
consequently 
d b? 
i) ee de Sa— pb 
ete ienep = SaSed ck 
Site tee Perse Lab, 
= ae ORES ee ~ . 2°8+d—b, J, 


and therefore finally 


d b 
ois el b.2 } 
Pig d\2 
: ee oshee 
d i b? b.2 } 
{5+ ee 
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NACHREINER, V. (1872). 


[Beziehungen zwischen Determinanten und Kettenbriichen. (Diss.) 
24 pp. Miinchen.] 


The starting-point here is Spottiswoode’s short statement given 
on p. 374 of the 51st volume of Crelle’s Journal. This having been 
quoted, pains are then taken to establish a so-called * generaliza- 
tion,’ viz. : 


— = log. V, 
art oe eae Od, 8 
T+1 Aragt 
- - 
4 a 
where i 
Vela, by 
mb es br4s 
—] Ar+2 
An-1 Os 
=i tans 


but unfortunately the left-hand side of the identity is not given 


as here, apalis * being incorrectly put* instead of its 
T +1 . . . 
reciprocal, 
The identity 
Sea lr, Merial tev 
Oy PA Ue Me inl bc. Poona) 
ag th) Sd er 5 See Otani the 


is next demonstrated, the procedure involving the division of the 
2n4 gr, 4". . . . columns by 0,, b,b,, b,b,b,, . . . . respectively, 
and thereafter the multiplication of the corresponding rows by the 
same. This is used to deduce some variants of the above ‘ generali- 
zation,’ and then the results thus far obtained are employed in 
dealing with known properties of continued-fractions. 


* This oversight runs through sect. i., and should be corrected in the results 
marked (3), (4), (6), (7), (8). 
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The third section opens with the identity 


Weeder 945-07 Braye: eat 
A, 1 a bas ‘ ‘ 1 A, 1 
b, A, «... : : = : if AS ere c halle pk fs 
ae eae SORES AS Ds : ey Or MSS Bae: non—2 + + 
ee rasta 
b, On 1 AS 
1 b ; 
where VN fy, ee Aneta! ett (hs. 
; pis by’ aie by’ aioe b,b,’ 
and generally, A,= bpDpsbps - 


ee 
This is reached by a rather curious process, of which only the first 


two steps need be indicated.* They are, in the case of the fifth 
order,— 


eg ele eintes 2 [a 1. 
0; tad We ieree en ry. Om a, me Lt ak 
Bee a lee ee! OD ne Tel 
on eee! ie ee a! 
b, a, 1 % 
b, 
b hC-insolatice Da Agel 
OeC opal by 1 Qs, 
a a 
i enatl ae a Os 
by 5a beveled 
ies 1% 
GoanD, b, 


*The transformation is probably most readily effected by dividing the 24, 

3rd, 4th,, . . . rows by 
by; bos bybs, baby, bb3b5, babsbg by babs, Aight eer 

respectively, and multiplying the 34, 4th, 5th, . . . . columns by the same, the 
most instructive order of performing these operations being that in which each 
division is immediately followed by the corresponding multiplication. As the 
number of the divisions is necessarily one more than the number of multiplications 
the reason for the outside factor b,b,-sb,-4... + on the left member of the 
identity is also thus made apparent. 
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The rest of the paper (pp. 13-24) is occupied mainly with con- 
tinued-fractions, and contains nothing new in regard to the related 
determinants. Possibly the nearest approach to a fresh result is 
the use of the known identity 


ia ae 
Ay—AtAg—+- +s = F - a Og 
oT 4+ 
to suggest (p. 16) that 
A—a, —1 : oo | = AAy.... An {Ag—A,+4,.— Ast ....F 
Apt, My—Ay —1 


an equality easily established otherwise. 


GUNTHER, 8. (1873). 


[Darstellung der Naherungswerthe von Kettenbriichen in inde- 
pendenter Form. iv+128 pp. Erlangen.] 


When we come to Giinther we have reached the first formal 
treatise on our subject. His booklet consists of three chapters, 
the second of which, with the title ‘ Darstellung der Zihler und 
Nenner jedes Naherungsbruches in Determinanten-Form,’ is that 
which mainly concerns us. The first chapter (pp. 1-30) is of the 
nature of a historical review of the various modes proposed for the 
calculation of convergents, and the third is professedly an applica- 
tion of the results of the second chapter to ‘ Analysis, Algebra, 
und Physik.’ 

That portion (§ 6) of chapter i. which deals with the introduction 
of determinants into the treatment of continued-fractions attributes 
the first idea of the existence of the relation to Ramus (1855) ; notes 
that Heine (1859) discovered it independently ; and nevertheless 
represents Heine as having used a result of Painvin’s. All this, 
of course, stood at the time* in need of serious modification, which 
unfortunately was not forthcoming, with the result that some of 


*For Heine’s repudiation see his Handbuch der Kugelfunction, i. (1878), 
pp. 261-262. 
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the inaccuracies continue to be propagated in text-books to the 
present day. 

In the second and third chapters neither pains nor space is spared 
to furnish an exposition of known results, with careful citation 
of the titles of all writings made use of, whether important or 
unimportant.* Throughout the two chapters, however, only one 
new and noteworthy property in regard to continued-fraction 
determinants is brought to light, the source of it being an identity 
attributed to Heilermann,} namely, 


z+ by = £+b,—-—}?— CRO 
~ t2+0,+0, +b,— 


where the number of b’s appearing on both sides is n. Clearly the 
numerator of each convergent on the left must have an intimate 
relation with the numerator of one of the convergents on the right, 
and this Giinther doubtless sought to discover. The result which 
he established is 


he 2 ee = |a+6, —6,b, 
Le O simtnge cd, Poe ice als —1 2+6,+b, —b,b, 
Zi) 2a ae : —l 2#+6,+6, 
ety <1 GEE ST TOT SO Ths 
T doy 
.-1 1 


where the order-number of the determinant on the right is half 
that of the determinant on the left. The demonstration occupies as 
many as five pages (pp. 70-74), and yet the case where the original 
determinant is of odd order is not referred to. 

Similarly, the continued-fraction 


b, 
1+, 54 
1—b hp e, 


* The total number of footnote references in the book is 116. 
t Zeitschrift f. Math, u. Phys., v. (1860), pp. 362-363. 
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suggests the finding (pp. 80, 81) of the results 


| ii b, : 
—1 1-48, b, a Fe 
—1 1-3), | 
: ; yee 
and 
1-b, 2b . wee. | = 1—b,4+b,b,—b,boby+ - - - 
—1 1-8, b, 
—1 1-b, 


the latter of which may be compared with a result obtained by 
Nachreiner when under the same influence. 


GUNTHER, §. (1873). 


[Ueber die allgemeine Auflésung von Gleichungen durch Ketten- 
briiche. Math. Annalen, vii. pp. 262-268. ] 


The starting-point here is Fiirstenau’s expression of 1860 for the 
smallest root of the equation 


Lat Ogi t+. ... +ae'+a,7+a, = 0. 
All that is of interest in the paper from our present point of view 
is the fact that Fiirstenau’s two determinants are changed so as to 
have the zero elements on the under side of the main diagonal 
matched by like elements in the corresponding places on the upper 
side, with a view to expressing the root of the equation in the form 
of an interminate continued-fraction. The procedure need not be 
described at length ; it will be understood at once by applying it 
in the case of the determinant 
Q, G Gd, 1 
Mg G, Ay Gy 
ig O, GA, 
A |; 
—a course which also enables us to test the accuracy of the illus- 


trative example given later in the paper. In the first place, the 
element in the place (1, 4) is changed, the result being 
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Dye Me 20s ~ as; 
A A, Gy a,’—a, 
Dig Fa — Oy 
secondly, the element in the place (1, 3) is changed, the result being 
Way day + Ags ; 
& OG, ,%—a Gf, a,’—A, 
Ay AgAy—Azhy Azh,—A, 
and lastly, the element in the place (2, 4), with the result 
a, sy 
Ay A, A”—Aa,A, ; 
Ay Ag, —Aghy (Aq”— AgM,)(Agh_— A) — (Ag, — Ugg) (a2 —as) 
Az% (1g? — 150) (1g, — Ag) — Ago (Ag”— My) 
Ag (Ag? — @30,) 
It is thus seen that if the equation for solution be the quartic 
v+a,xv3+a,¢7+a,74+a, = 0, 


a convergent to the smallest root is, according to Fiirstenau, 


{ a | ! 
—y A GO 1) Cai Opes lk led 
| 
Cras Os dy A, A, A, 
Ay A Uy | See ge, ae 
dy Ay Xo a1, 


and therefore, by the preceding transformation, if we write U, V 
for the two lengthiest elements, is equal to 


—y Ms : é TAs 
A, Ay —a30, [A A My? — O04, 
Dig LO dg) oF  “Woputt 0,00, U 
Any Wy oe AyQq Vile 


and consequently 
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This does not agree with Giinther’s result, an awkward error appear- 
ing in the last column of both his determinants, and thus also in 
his continued-fraction.* 


GUNTHER, §S. (1873). 


[Beitrage zur Theorie der Kettenbriiche. Archiv d. Math. u. Phys., 
lv. pp. 392-404. ] 


Only one of the sections of this paper—the third (pp. 397-401) 
—is connected with continued-fraction determinants, the subject 
dealt with being practically an extension of the result given in the 
immediately preceding paper by the same writer. Instead of the 
special persymmetric determinant which there forms the denomi- 
nator of the fraction proposed for transformation, we have now a 
perfectly general determinant ; that is to say, the given fraction 
now is 


| a, a, | Vebpeetle = Chee c ema 
b, bys abt PY Biboag es 
Co Cg +++s | Co Cy Cg 
Ta ag Sr as ate ee a. eo ga 


The procedure followed is the same as before, a double application 
of it, however, being necessary. 


*With the correct values for U and V as here given, it is possible to take 
a step farther. For it will be found that 


a, ag | a a, 1 
Wi =" Gehan @our Gail's Ve—WGs ic mit ce 
Qy ay Ay @ Ag l3 
and consequently that the continued-fraction is 
ete a, (7% % a, as 1 
a = * Ja, ay Az] A, Ag Az 
1 a 
Qa, ay % % Ay 
A Ay @ a; 1 ’ 
Q A, As 
ah MU 


where the three-line determinants are the complementary minors of the 
elements (4, 1), (4, 2) of the original determinant, and where the two-line deter- 
minants are the cofactors of the last elements in the three-line determinants, 
and so on. 
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MUIR, T. (1874). 


{Continuants : a new special class of determinants. Proceed. R. Soc. 
Edinburgh, vii. pp. 229-236.] 

Still another discoverer, twenty years after the publication of 
Sylvester’s first paper on the subject! Fortunately the ‘ discoveries’ 
are not expounded at inordinate length, the paper consisting of 
twenty-two very short paragraphs, almost every one of which 
contains a concisely stated property, accompanied, where necessary, 
by an indication of the mode of proof. 

“Continuant’ is formally defined as being a determinant which 
has the elements lying outside the principal diagonal and the two 
bordering minor diagonals each equal to zero, and which has the 
element of one of these minor diagonals each equal to negative 
unity. The continuant 


a, by 
—] As b, oO 0 is denoted by K( b, b, qc alk 
Yager se T1 aiBe less « 
Q,, Gy, Mg, ... being spoken of as the main diagonal, and 
1» 02,. . . a8 the menor diagonal. When the 0’s are each equal 


to unity, the continuant is called a semple continuant, and denoted 
RON ON os Denteucncs), 

Of results previously formulated it may be worth noting that the 
most important, namely, 
K( b--. te )-K( Oye + Opt ) whereh<p<n 


CN Bey PET Uy 

K ( TR ORNS )-K( oe en Oe, ) 
Us ee Lp Opt cacsiucg Mis On 

b, see. bee )K( Dasa oe 6 Tbe ) 
ay Oe IO) Ae eS An-2 Upto Ce CA eet TR ae Ay 

is not obtained in the same manner as in Thiele’s paper of 1870, 


but from a general theorem regarding the product of any deter- 
minant by one of its own minors.* 


EID Dy. b,- K( 


* This theorem was not published until five years afterwards. See above, p. 79. 
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Leaving aside other results of this kind, we have remaining on 
the first three pages : 


Ege a Eee eH rE (gine pare) 
em WAG oe ky aya. legals 


) 
KG, 0.0.0, 6 Jo 9, om. -) pe leh er Oe Gee 
Kia. 8,0, 6 0,0, 0; Cofiorta,) ornare. Gn0¢-T er), anat-ay 


BCIS Oye Oey nee el 


K(..... +a, 6:0, 0,6, 5°...) heen K Coen ceab* eo faeiren | 
Then there follows the theorem that whatever a,, a, may be, the 
continuant K(a,, 99... ., Gn) #8 prome to K(a,, a, ... . &n-4); 
Kas, 5 ey Ou) in (Be — Ly Bgp ores os Ba), kaye Gen Cee Le 
the foundation for this being the ordinary division-process of finding 
the greatest common measure of two integers. 


Symmetric continuants are next defined and four properties stated, 
the two last of the four being 


On? KG)... 3, Gna) Gq) Gnas os 9 O) = BG. 1 9.,)*— Kia eee 


Ka aeons ae Cae 


2K (ay 4a) Kant 20% ay. 
The fundamental relation with continued-fractions having been 
established, and thence the theorem 


K(,om Peer ie b 
Nota ied Mitac -\| | that Soest 
a : | 


+a +... Me +a +2A+... K ( mpg pe : ) 
Biyin Oys<s os Sg hy 
the deduction is made that 
Or Ona sont bay aD, 
K(, Qj, Gy, ; tigi dh, a) 
Dt, ees b 
ke 2 st 
* re ¥) 
K( On b,, of ese e ate 6 ’ bs, b, bs be ava leecel se eiie ’ bs, b, ) 
me LER ER 10a, Cy, 2A, e Gee, ee N 


a re a age ed 
K( bs o's -0 Ratigg @taial te by, b, b,, Oy CeO kee ’ bs ) 
Qy, Mq,.-++, Mg, Gy, 2A, Gy, Qy,...., 0, G 


¢ ey oe pas 
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Any other results given belong properly to the theory of continued- 
fractions.* 


MUIR, T. (1874). 
[Further note on continuants. Proceed. R. Soc. Edinburgh, 
vill. pp. 380-382. ] 
Proceeding from the fact, obtained in the previous paper, that 
the order of a continuant may be depressed if the first element of 
the main diagonal be unity, namely, that 


DOs Una pe O50 car 
K(; Grits ina da) a K (Gian) a as Ie 
and that 
mos “Cake SHE Sent Barbera 
a i Ap seensy ads K(,, Ap rer 
the author shows that 


ral aa aes a2) ne ) = (db; +4) (b,-+ a5). . ? 
and this is at once used to obtain as an equivalent for 

Cdsls tte: 

Geeeat tere 


the continued-fraction given in Stern’s monograph of 1833 (Crelle’s 
Journal, x. p. 267). 

The fact communicated by Cayley, but now known to be found 
in Nachreiner’s paper of 1872, viz., that any continuant is expressible 
by means of a simple continuant, is noted ; likewise the identities 

K(a,2~, a0) a307); G00. .)n = K(GyiG,- -. Gy) if me be even 
and = a K(a,, dy, .. . , Gn) if n be odd. 


WOLSTENHOLME, J. (1874). 

[(Evaluation of a simple continuant whose diagonal is univarial.) 
Problem 4391. Educ. Times, xxvii. pp. 45-67; Math. from 
Educ. Times, xxi. pp. 83-85. ] 

The problem is to prove that 
K(a, a... ., a), = sin(n+1)6/sin 9, if a = 2cos0. 
ees oraciot ieee results and others are dealt with more fully in a pamphlet of 


32 pages printed about the same time at the University Press in Glasgow, and 
entitled ‘The Expression of a Quadratic Surd as a Continued-Fraction.’ 
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Two proofs are given, the more interesting depending on the fact 
that 
K, = aK,_, — Ky, 
and the fact that 
sinn®@ = asin(n—1)0@—sin(n—2)6; 
in other words, that K,, and sinn@ satisfy the same difference- 
equation.* 


STUDNICKA, F. J. (1874, 1877). 


[Prispevek k nauce o zlomcich retezovych neb retézcich. Casopis 
pro pestov. math. a fys., i. pp. 61-70. ] 
[Beitrag zur Determinanten-Theorie. Sitzwngsb. d. k. bohm. Ges. 
d. Wiss. (Prag), pp. 120-125. ] 


The first of these is merely a fuller and better exposition than his 
paper of March, 1872. 

The second has been sufficiently noticed under general deter- 
minants. 


GUNTHER, S. (1874). 


[LEHRBUCH DER DETERMINANTEN-THEORIE,.... Vili+236 pp. 
Erlangen. | 


In view of the attention which Giinther had previously given to 
the subject, it was natural that when he came to write his text-book 
on Determinants he should assign space to the consideration of the 
special form connected with continued-fractions. We are not 
surprised, therefore, to find a whole chapter (Kap. vi.) with the 
heading ‘ Kettenbriichdeterminanten.’ It extends to 31 pages, 
and is mainly a clear and detailed reproduction of his own and other 
previous work. 

Other text-books of the period which deal with continuants in 


*In connection herewith it may be noted that corresponding problems in the 
theory of continued-fractions date much earlier: for example, problem No. 40 of 
Crelle’s Journal, ii. (1827), p. 193, a solution of which is given by Th. Clausen in 
a paper with the title ‘Die Function 7 7 3 a durch die Anzahl der a 


ausgedriickt,’ published in Crelle’s Journal, iii. pp. 87-88. In our analysis of 
Ramus’ paper of 1856 the first of the two values there given for the continued- 
fraction is that obtained by Clausen. 
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a way calling for no special note are those of Hattendorf (1872), 
Diekmann (1875), Guldberg (1876), Baraniecki (1878), and Mansion 
(1878). 

GUNTHER, §S. (1875). 

[Das independente Bildungsgesetz der Kettenbriiche. Denkschr. d. 
k. Akad. d. Wiss. in Wien: Math.-Nat. Cl., xxxvi. pp. 187-194.] 
Of this paper the portion which is not introductory and semi- 

historical concerns the development of 


x a Gy 
ay x Oh) 
a 0, S406 5 é & 
a or A say, 
av —an-1 
An-1 x 5) 


in a series arranged according to powers of x. 

The result obtained is, as might have been expected, that to 
which he would have been led by the use of the combinatorial 
‘rule’ more than once already referred to, and found fully enun- 
ciated by Stern in 1833 (Crelle’s Journal, x. p. 6). 


HELMLING, P. (1876). 

[Anwendung der Determinanten zur Darstellung transcendenter 
Funktionen. (Title also in Latin.) Dissert. 43 pp. Dorpat.] 
The subject here is the evaluation of certain definite-integrals 

by establishing for each a trinomial or quadrinomial recurrence- 

formula after the manner of Euler* (1777), and then making use of 
continuants or the analogous special determinants noted by Sylvester 
in 1853 as arising in this way (Hist., ii. p. 416). No new property 
is brought to light. 
SALMON, G. (1876). 
[.... Moprern Hicuer Atczsra. Third Kdition. 
xx+318 pp. Dublin.] 

In this edition the sketch of the theory of determinants with 

which the book opens is extended to fifty pages, and half a page— 


* Acta Petrop., i. p. 3. 
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a model of compact exposition—is assigned to the special form we 
are now considering. The name ‘continuant’ is adopted. 


MUIR, T.° (1877). 
[A theorem in continuants. Philos. Magazine, (5) ii. pp. 137-138. ] 


The theorem in question is 


wWtaet, w+d2, a W+Agx, WHAzk, 
Keen Ap, Aas =) = as ue As, are rns) 
The proof need not be reproduced, as it is included in another to 
be immediately given. 


The writer having become acquainted with Sylvester’s early 
papers on the subject, takes the opportunity to withdraw, in favour 
of the latter, the claim implied in the title of the paper of 1874. 


MUIR, T. (1877). 


{Extension of a theorem in continuants, with an important appli- 
cation. Philos. Magazine (5), iii. pp. 360-366. ] 


The theorem referred to being, as we have seen, a relation (of 
equality) between two continuants, it was natural to expect the 
existence of a relation between the two continued-fractions corre- 
sponding to those continuants. This expectation led to an 
acquaintance with Bauer’s paper of 1872, and thereafter to the 
extension here intimated. 

The extension for the case of the 5th order is 


642 by 
ae G cpus args b 
1 , 1 2 
—Cy 5428 op bs 


—C; 5+ ogr b, 
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b 
nd o+ 2 
the two sets of operations necessary to establish it being 


TOW,-+7f LOW, TOW, +7 rOW3, 
and 
col,—r col,, COls——TICUls. o emeeeue 


The case previously announced is that where 
Cle Goes, «= 1 and dé—r= f; 


Bauer’s result regarding the product of two continued-fractions 
having been noted in reviewing his paper, the generalization of it 
here obtained may also be shortly alluded to. Denoting by F the 
continued-fraction 

by (b, — a) b,(b3 —a) 
the mBsseert 


2 Dee (6, oP a) 
LS ea 
the author first shows, with the help of his theorem in continuants, 


that 


Ba 2 Ageia a ees be (be b,(b,— a) b;(b3— a) = Bowel eM ena 
2 ‘ B+b—bs+ ei, EUs 


418 
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thence, by merely changing the sign of a and the signs of all the 
b’s, that 


b 3(D3 — a) 


mCi 


=a) 
ie ath Bobet 


b,(b, — a) 


+ - 


B- b,+a 


and therefore, by multiplication, that the product of the two continued- 
fractions on the left 1s equal to 


B2— a? 
We é 


The paper concludes with two other curious theorems of similar 
character.* 


*The rather noteworthy theorem in continuants which is the basis of this 
striking result in continued-fractions can be still more widely generalized as follows : 


The continuant 


b 
++A b, 
8) 
b 
2, 81 
c —+—A+s,c b 
1 Sy 1°) 2 
by | 89 
Cy +A + ayy bs 
Ey orgs 
3 
Cy -4 8 4 + 83C3 
C4 
is unaltered in value by adding 
T1Cy, Teg — 81C,, T3Cg — ByCQ, TyCg — S3C3, 


— 340, 


by 


be aes 
+ 7 + 84Cy 


to the elements of the main diagonal, and changing the elements of the wpper minor 
diagonal into 


Putting in this 7, 7, . . 


ry 


Ts 8 
he be (1 “ *) a, 
82 83 s Ty 


- = 8, 8, . . . we have the identity 

b 
+A by 
cn 

by 

Cy Peau A + 3C, by 
; l 
). 
Cy Pea A+ 89€5 b; 
6 
Cy re va A + 83¢; 


™% aos 
me sibs + 84(1 =) a. 
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MUIR, T. (1877). 


[Note on determinant expressions for the sum of a harmonical 
progression. Proceed. R. Soc. Edinburgh, ix. pp. 361-363. ] 


The progression is transformed by Euler’s process into a continued- 
fraction, and thence into the quotient of one continuant by another. 
The second of these, in view of previously obtained factorizable 
continuants (Sylvester 1854, Painvin 1858) is worth noting, namely. 


a a : 
1 2a+b (a+6)? rae 
ih 9a+3b (a+2b)?....| = a(a+6)(a-+ 2b)(a+ 3d)... 


l 2a + 5b 


MARTIN, A. (1877). 


[Question 5484. Educ. Times, xxx. p. 197; or Math. from Educ. 
Times, xxix. pp. 90-91.] 


The theorem here involved, though stated differently, is that the 
product of any two of the expressions 


1+ K(b,a,4,6), 1+ K(e,b,a,a,6,c), 1+ Ki(Le, b, a, a, b,c, 1) 


diminished by the sum of the same two isa square. It is not pointed 
out, however, that the three squares in question are the squares of 


K(b,a,4,b,c), K(b,a,a, b,c,1), K(e,b,a,a,6,¢,1). 


b 


Fy +A + 8\¢, 4 by 
b, Ss 
By + A + 8:Ce 383 
i b : 8. 
SLA 3k ge 6 
= . Cy as ae 3Y3 : Sh 4 
8 
C; 4+ At+sc, +6; 
84 85 


6, 
C4 A+ Al. 
Bs ; 
and specializing further by putting each of the s’s equal to s we come back to the 
theorem of the paper above reviewed. ; 


420 HISTORY OF THE THEORY OF DETERMINANTS 


LUCAS, E. (1877). 


[Théorie des fonctions numériques simplement périodiques. Sect. 
IV. Nouv. Corresp. Math., iii. pp. 401-402; or American 
Journ. of Math., i. pp. 192-193. ] 


Here there is nothing fresh save the writing of 


p —-|d . a egy | P hie 3 
al ep ais: ¢ in the form Ja P V4 


. —l p neha at i TeD 
which latter, we may note, is axisymmetric with respect to the one 
diagonal, and persymmetric with respect to the other. 


MUIR, T. (1878). 
[On the word ‘Continuant.’ American Journ. of Math., i. pp. 344.] 


Sylvester having, without knowledge of the circumstances, 
complained of the introduction of the word ‘continuant,’ the 
introducer had to explain that the word had been proposed in 
ignorance of Sylvester’s papers of 1853, and that, as soon as this 
ignorance was removed, he had drawn pointed attention to those 
papers,* persistently adhering, however, to the use of the new word 
for four reasons, which are shortly stated. 

In a note, Sylvester agrees that the second and third of the 
reasons afford ‘quite a sufficient justification for the use of the 
word in question.’ 


SCOTT, R. F. (1878). 


[On some symmetrical forms of determinants. Messenger of Math., 
vill. pp. 131-138. ] 
The first of the forms referred to is 


c 
b 


“oa 
SS 


n> 


*See above, p. 416. 
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which by means of its difference-equation is once more found to be 


equal to 
{e Sy 4ab}"*" = {¢2 =p) Co dab |" 


Qnt1 Jc? — 4ab 


Five special cases, more or less known, are mentioned, the last 
being that in which c? = 4ab and the value of the determinant 


(ab)?(n +1). 

In the same way he finds (p. 182) that the determinant formed 
from the above by prefixing 0, 1,1, ..., 1 as arow and as a column 
is equal to 


yntl 4 ynti oy (n+ 1)c(u™*! + y2*1) 
(a+b+c)? (a+b+c)(u—v)? 
200 tal Jost Oe (Samy ok (=O) 
atb+te (u—v)? — (atbto2z ” 


also, that the determinant formed from this by deleting the first 
column and the last row is equal to 


- 


a” ne aU Ot" — 0"), 


atbte Gal) (atb+c)\(u—v) ’ 


where wu, v are the roots of the equation 
x?—cx+ab=0. 


SYLVESTER, J. J. (1879). 
[Notes on continuants. Messenger of Math., viii. pp. 187-189. ] 


Here the main point of interest is the use of the old ‘rule’ 
referred to in his paper of May 1853 to provide a proof that the 


number of terms in the simple continuant (a), a2, . . . , Gn) 18 
(n—2)(n—8) , (n—3)(n—4)(n—5) 
ri rae eerie Lege 12:3 aes 


the various parts of this expression being shown to correspond with 
the various kinds of terms obtained in following the ‘rule,’ viz., 
1 term containing all the elements, n—1 terms containing n—2 
elements, 4(n—2)(m—3) terms containing n—4 elements, and 
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so on. In stating some related results he uses the word ‘ pro- 
continuant’ for a determinant of the form 


Ge dl 
a YoY AL 
il 


that is to say, for the continuant 


(ahd A Ge as}. 


SCOTT, R. F. (1880). 


[ .... THrory oF DETERMINANTS, and their applications in 
analysis and geometry. xii+251 pp. Cambridge. |] 


The title of one of Scott’s chapters (chap. xiii. pp. 169-179) is 
“Applications to the theory of continued-fractions,’ and it is 
accurately descriptive of the contents. As in Giinther’s text-book, 
both ascending and descending continued-fractions are dealt with 
by means of determinants, the numerator of the last convergent to 


byt Oat tbe, 


a Br An 
viz., the determinant 
Oe 
| bp a2 —1 
batik: as 
fs se 5 a) Lose ubbee Gole 


being actually spoken of as ‘the continuant for an ascending 
fraction.’ No new property of continuants is given. 


CHAPTER XVII. 


MULTILINEANTS, UP TO 1877. 


Any student of determinants who has had to occupy himself with 
a problem involving the solution of a series of increasingly lengthy 
sets of linear equations must have had forced on him the idea of 
determinants of infinite order. Probably, however, the passage 
from order n to order © is for the first time openly suggested in 
Wronski’s statement (1812) of his ‘loi générale,’ where the 7" term 
of an ostensibly unending series involves a determinant of the r* 
order (Hist., i. pp. 472-478). With like probability the first 
actual mention of determinants with ‘unendlich vielen Elementen,’ 
and the first actual appearance of o as the symbol of the order of 
a determinant date from 1825, being found in Schweins (Hist., i. 
pp. 173-174). Between the latter date and that now reached the 
idea seems to have remained entirely below the surface. 


FURSTENAU, E. (1860). 


[Darstellung der reellen Wurzeln algebraischer Gleichungen durch 
Determinanten der Coefficienten. Sch.-Progr. 35 pp. Marburg.] 


The given equation with real roots 7, %, . . . , £» being 
F(z) — C" + Aye" + -..-+42¢+a4 = 0, 


Fiirstenau uses the multipliers 1, x, x, ..., °-', and viewing the 
set of derived equations as being linear in g, x”, z°,..., he elimi- 
nates 22, 23,..., 2” and obtains 


Rie termsnn ee ee oS = OR, 
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where R, is the persymmetric recurrent 


ay dy 
A, Ay A 


An. An. An-3 OAn-4 


1 GQn-1 GU -2 An-3 
| GQn-1 U2 
ie 
Then, putting for x in this in succession 2, 7, ..., %,, he has a 
set of equations from which he finds 
0,,P+1,pt2 p+n-1 
R, = ( rile. peas sie | 
; [aims + Ty | 
and 
(ay Le NRE rr 
= (—l)jwte! *_ 28. (ea, a 
jac ayane dekh (212s tn) 
tn = (— 1)"*"a? sued x, ma Pe Rated 
| atatee. ate? 
1 1 i! ) 
= (—a,rrf 7 ot 7 Zio ke 
let) af F a) * Pa), 
It thus follows that if x, be the arithmetically smallest root, 
1 
(—yY = 
lim (—a,"2") = —Uy st 
PR hte? (ay)! 
FHS 
= 2. 


Returning then to the first derived set of equations, Fiirstenau next 
eliminates x, 2, . . . and obtains a quadratic from which may be 
found the two smallest roots 2,, x, and from which in particular it 
is seen that 

%% = lim (aR, y_1/R.p)p>0, 
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where R,» is the persymmetric determinant similar to R, but 
beginning with the row ay, a, d. In like fashion there is obtained 


LLL, a lim ( = AgRg, y-1/Rs,p)p—><o» 
and so on generally. 
Naturally it is pointed out at the beginning that 


Ry = a,R,_;— a9a,R,-. + Apt3R,_5 — . 
and in the course of the work sufficient evidence is given that 
> — yp-q 
Li ee = Ry Ry_4-1 Fe Rp, 


where &, is the determinant got from R,., by deleting the (q+1)" 
row and last column.* 


FURSTENAU, E. (1867). 


[Neue Methode zur Darstellung und Berechnung der imaginaren 
Wurzeln der Gleichungen durch Determinanten der Coeffi- 
cienten. Schriften d. Ges. zur Beford. ... Naturw. (Marburg), 
ix. pp. 19-48 ; also, separately, 32 pp. Marburg.] 


Fiirstenau does not confine himself here to the consideration of 
imaginary roots: he repeats in shorter form his exposition of 1860, 
merely taking up the new question when ready to do so. Thus, in 
the finding of z, it is only when he arrives at the expression for 
R, as the quotient of two alternants that he introduces pairs of 
complex numbers, 

p,(COs @, +78in ¢,), 
p2(COs p.+7Sin go), 


among the roots 2, Y,...,%,. So far as determinants are con- 
cerned, no fresh point is raised : and we may add that the extension 
of the method to imaginaries does not make it more attractive. 

If we recall Faure’s determinant form of 1855 (Hist., u. pp. 212— 
213) for the coefficients in the quotient of one power-series by 
another, it is not difficult to see that Fiirstenau’s first and main 
result may be formulated thus: If the roots of the equation 


x" + a,j") + a,_,x7-7?+ ... bax ta, = 0 


* A fresh sketch of Fiirstenau’s pamphlet is given by Baltzer in the Zeitschrift 
_ f. Math. u. Phys., vi. Literaturz. pp. 9-11. 
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be real, the arithmetically smallest of them is the quotient of the coefficient 

of x” by the coefficient of «+ in the expansion of 
(ay)a,x+ax*+... +x")? 

whenp>o. It is thus not essentially different from that made 

known by D. Bernoulli * in 1728 and elaborated later by Euler and 

others.t Those interested in it may profitably consult portions 

of a lengthy paper published by Naegelsbach in 1876. 


KOTTERITZSCH, T. (1870). 


[Ueber die Auflésung eines Systemes von unendlich vielen linearen 
Gleichungen. Zettschrift f. Math. u. Phys., xv. pp. 1-15, 
229-268. ] 

In his first paper Kotteritzsch starts with the assertion that when 

n is infinite a solution of the set of equations 


C+ dats + 00. Paha, = a, pone 
can only be expected if a, and uv, be known functions of r, s and r 
respectively : and his proposed mode of aiding in the solution is 
to substitute for the given set of equations a derived set in the same 
variables but such that the r*" equation of the set has each of its 
first r—1 coefficients equal to 0. This is the same as to say that his 
standard set of equations is 


t+ Dts Oia ts. Onn oe ee *| 
Dg Danby ton. 2 hs ante hia Hh 


Unfortunately, the advantages of the transformation are not made 
apparent, nor is any light thrown on the subject by the example 
which is used for an illustration, namely, that in which 


i, =, and w= w, 


vs 


* Bernouxnii, D. Observationes de seriebus, quae. . . . Comment. acad- 
Petrop., iii. p. 85. 
+1748. EuLer. Introd. in anal. infin. Cap. 17. 
1798. Lacraner. Reésolution des équat. num. Note 6. 
1798. LEGENDRE. ... Théorie des Nombres. Art. 113. 
1831. Fourter. Anal. des Equat.: Part I. Exposé synop., p. 68. 
1834. Jacosr. Observatiunculae. ... Crelle’s Journ., xiii. p. 349. 
} Narcersspacu, H. Studien zu Fiirstenau’s neuer Methode.... Archiv d. 
Math. u. Phys., ix. pp. 147-192, lxi. pp. 19-85. 
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the known solution (Hist., ii. p. 155) 

nO) (hn) eee (i — ys (ent) eee 

Gp (bp—G,)(Gp—a,) . . . . (@p— Uy) (4p—Gp4,) « . 
being reached, and there being merely appended the remark that its 
usefulness depends on whether the infinite product involved has, 
or has not, a finite value for all positive integral values of p. 

The second paper is very lengthy and almost equally disappointing, 
the new example being that in which a,, = 1/(a,+5,), as is the case 
in the set of m equations already solved by Binet in 1837 (Hist., ii. 
pp. 155-158). 


Gg) = 


ZEIPEL, V. v. (1871). 


We recall the special determinant, Z,,, say, noted below (p. 458), 
which is such that, as r approaches ©, the limit 


(rt Za. = oe 


HILL, G. W. (1877, 1886). 


[On the part of the motion of the lunar perigee which is a function 
of the mean motions of the sun and moon. Acta Math., viii. 
(1886), pp. 1-36. Original edition published separately at 


Cambridge, U.S8.A., in 1877.] 


In the course of his investigation, Hill arrives at a differential 
equation of the second order; and, knowing the integral to be 
expressible in the form of an infinite series of multiples of cosines 
he substitutes such an expression in the equation, and, as the 
condition of satisfaction, obtains an infinite set of linear homo- 
geneous equations connecting the unknown coefficients of the 
integral. From this he deduces by elimination the equation 


(€—4)?— 6, — 6, — 0, — 0; — 6, 
=O; (Ba) —6, — 6, 0; 
= 0; 0, acl O, = 2 OF cae se 
=, —= 03 Sasa Oy 10a. ime 


=0) — 0, — 6, —6, (E-t4)?— Og as. 
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for the determination of ¢, the main object of his quest. Calling 
the determinant here D(é), he takes note of such properties of it as 


Die) Die? 
D(é+2v) = D(€), 
and of the close resemblance which they bear to those of cos 7. 
In this way he reaches without apparent difficulty an important 
substitute for his original equation, namely, 


costé = 1—V(0), 


where V is the determinant obtained from D by multiplying the 
central row by —4, the first row on either side of the central row by 
4/(42—1), the second row on either side by 4/(8?—1), and so on. 
What remains then is the evaluation of V(0). This is accomplished 
by removing as a factor from each row the diagonal element of the 
row, and then calculating directly the value of the resulting deter- 
minant. The question of its convergence as the order tends to 
infinity is not forgotten, but no strict investigation is entered on. 

It will be observed that this paper of Hill’s is very different in 
character from those which precede it, and that with it we seem to 
pass from matters of languid though legitimate curiosity to one 
of serious importance. 


ADAMS J. C..(1877). 


[On the motion of the moon’s node... Monthly Notices R. 
Astron. Soc., xxxviii. pp. 43-49. ] 


Adams opens with an appreciative account of Hill’s work, relating 
how in his own researches he had followed ‘“‘in some repsect, a 
parallel course, sed longo intervallo.” What is interesting for us 
to note is that the same infinite determinant had been reached, and 
the calculation connected therewith made in 1868 and to a greater 
degree of approximation in 1875. 

In view of this statement attention may be drawn to a 
posthumously published paper of Adams’ entitled ‘‘Development 
of a certain infinite determinant arising in relation to a motion 
of the node of the moon’s orbit.”’ (Scientific Papers, ii. pp. 85-103.) 


CHAPTER XVIII. 
CUBIC AND N-DIMENSIONAL DETERMINANTS UP TO 1880. 


As our knowledge of the domain of a special subject is necessarily 
improved by an acquaintance with the surrounding country, we 
have considered it desirable throughout the foregoing to take a 
passing note of any attempts that may have been made to generalize 
the definition of a determinant. The first recorded step in this 
direction was taken by Cayley in 1843, the generalization consisting 
in passing from two sets of suffixes to m sets. (See Hvst., il. p. 22.*) 
The subject with related matters was continued by him in 1845, in 
1847, andin 1851. (See the papers referred to in Hist., ii. pp. 33-34, 
41-42, 63-68.) During the last of these years Sylvester became 
interested in the generalization as bearing on the discovery of 
invariants, and in that year and the year following devoted con- 
siderable attention to the subject. (See the papers referred to in 
Hist., ii. pp. 61-63, 68-72.) We might also have noted that in 
1853 Spottiswoode had been brought to think of something wider 
in scope than an ordinary determinant ; for, when denoting the 
literal coefficients of the ternary cubic 


ax? + by? + cz3 + 3( fy2z+922x hay + f'y2?+g'za?-h'ay”) + 6hayz 
by LEO ne G00; ato ee a 120, 
he says,t ‘The arrangement of the coefficients . . . . consequently 
involves space of three dimensions, and is beyond the cognizance 


of determinants . .’ During the remainder of the period 
1841-1860 no one else seems to have been attracted by the subject. 


* Also Cayley’s note of 1889 on it in his Collected Math. Papers, i. p. 584. 
+ Crelle’s Journ., li. p. 333. 
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At the beginning, however, of the period with which we are now 
concerned it again turned up, and was brought shyly into notice 
by its new discoverer. Fortunately this time the title of the little 
tract was free of all vagueness or ambiguity ; and, as a consequence, 
the functions which Cayley had originally called “functions 
resolvable into a series of determinants,’ and which now, on the 
other hand, were spoken of as ‘determinants’ themselves, were 
never afterwards for any length of time without a votary. The 
titles of the resulting writings up to 1880 are herewith given : 


1861. [Gasparis, A. DE]. Sur les déterminants dont les éléments 
ont plusieurs indices. Par Jean Blaise Grandpas.* 7 pp. 
16 mo. 


1863. DaHLANDER, G. R. Om en klass funktioner, hvilka ega 
flera egenskaper analoga med determinanternes. Ofversigt 
af k. Vet.-Akad. Forhandl. (Stockholm). Arg. xx. pp. 
295-304. 


1866. ARMENANTE, A. Sui determinanti cubici. Guornale di Mat., 
vi. pp. 175-181. 


1868. Papova, E. Sui determinanti cubici. Giornale di Mat., 
vi. pp. 182-189. 


1868. Gasparis, A. DE. Sopra due teoremi dei determinanti a tre 
indici ed un altra maniera di formazione degli elementi 
di un determinante ad m indici. Rendic. dell’ Accad. .. . 
di Napola, vii. pp. 118-121. 

1868. ZenFuss, G. Ueber eine Erweiterung des Begriffes der 
Determinanten. 9 pp. Frankfurt a. M. 


1876. GaRBIERI, G. Determinanti formati di elementi con un 
numero qualunque dindici. Gvornale di Mat., xv. pp. 
89-100. 


1877. Bextuavitis, G. Determinanti formati di n' elementi. Atte 
.... Istituto Veneto. An. 1877-78, pp. 251-273. 


1878. Braascu, J. H. Determinanten héheren Ranges. Sch. 
Prog. 17 pp. Hamburg. 


* Name composed of the same letters as the author’s real name, ANNIBALE DE 
Gasparis. The paper was reprinted in the Giornale di Matematiche, xlviii. (1910). 
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1878. GaspaRis, A. DE. Prodotto di due determinanti a tre indici 
espresso con un determinante ordinario. Attic... Accad. 
det Lincet, (3) Transunti, iti. pp. 44-45. 

1879. TanneR, H. W. Luoyp. Notes on determinants of n dimen- 
sions. Proceed. London Math. Soc., x. pp. 167-180. 


1879. Scorr, R. F. On cubic determinants and other determinants 
of higher class, and on determinants of alternate numbers. 
Proceed. London Math. Soc., xi. pp. 17-29. 


Of the many text-books published during the period, only Giinther’s 
(1875, 1877) and Baraniecki’s (1878) gave the new ‘ determinants ’ 
a place (see above, pp. 54-55, 75); and the latter, not without 
reason, relegated them to an appendix. 


CHAPTER XIX. 
BORDERED DETERMINANTS, UP TO 1880. 


To Sylvester, apparently, it first occurred to use the word ‘ border ’ 
in connection with determinants: we find him in 1852 speaking 
of ‘a matrix bordered by the two given matrices’ (Hist., 1. p. 77). 
Such a matrix, however, had already presented itself to him in 
1850 (Hist., 11. pp. 118-119) and had been explicitly referred to in 
1851 under a different designation. Thus, in his fretful ‘ Reply 
to Professor Boole’s observations* ...’ the following passage 
occurs : 
* Let the quadratic function be 


aa + by? + cz? +-dt? + 2exy + 2e2t+2gxz+2yyt+2hyz+2nat 
“and the linear functions (taken two in number) 
la +my +nz +t, 
Va+m'y+n'e+p't. 
‘““My numerator will be the determinant (hereinafter cited as the 
“extended determinant) 


ad @ Y » l . 
16, Oh ey Sma 
Yr iie Bike. Taree 
Yt eee ea 
Lie pttenn 
Lm nn 
“To find the numerator of Mr. Boole’s fraction we must form... .”’ 


A reference to the paper which Boole had commented on will 


* Cambridge and Dublin Math. Journ., vi. pp. 171-174; or Collected Math. Papers, 
i. pp- 181-183. 
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show that ‘extended determinant’ as here used would have been 
suitably replaced a year later by ‘bordered discriminant.’ 

In Cayley’s work the type in question appears as early as 1846 
(Hist., ii. p. 113), and probably he was ready to accept a name for 
it if the need again arose; at any rate in 1854, when dealing with 
skew determinants, he employed the expression ‘un déterminant 
gauche bordé’ for the case where the border is a single row and 
column. 

_ With Hesse the type appears in 1853 (Hist., ii. p. 129); and in 

the year following Brioschi published his theorem regarding what 
the English mathematicians called the ‘bordered Hessian,’ and 
thenceforward the usage tended to become more common. Certain 
it is that the determinants themselves soon came to be of very 
frequent occurrence, especially in geometrical investigations ; good 
examples are Painvin’s articles on the ‘ Application de la nouvelle 
analyse aux surfaces du second ordre’ in the Nouv. Annales de 
Math. for 1859, C. W. Baur’s in the Zevtschrift f. Math. u. Phys. for 
1860 and 1861, and Clebsch’s papers in Crelle’s Journ. for 1863 
and 1864. 

A bordered determinant is in this sense a determinant got by 
bordering another, there being some reason for keeping that other 
prominently in view. Were this not the case it might be con- 
venient to define it quite differently, namely, as a determinant of 
the (n+r)” order which has nothing but zero elements in the comple- 
mentary of its first n-line minor. Theorems concerning such deter- 
minants may thus take two very different-looking forms. The 
property, for instance, which has already appeared in connection 
with the vanishing of one of the primary minors of a determinant 
may with at least equal convenience be put as follows: If a null 
determinant be bordered, the resulting determinant is divisible by a 
linear homogeneous function of either set of bordering elements ; thus, 
if |a,b,c,| = 0, then 


ee Byes in as oe £ a, a,| + |a,5,| 
| EG “A, Gs Gn Ug) Oy gms0, 05 

n 0d, 0, Os | b, by Dg € CC 
1C GC Cy 


= — (a0,+yC,+20,)(€4,+7B,+¢C,) + C;. 
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CLEBSCH, A. (1860). 
[Ueber eine Classe von Eliminationsprobleme, und .... Crelle’s 
Journ., lviil. pp. 273-277. ] 

Clebsch’s problem is the elimination of n unknowns from a special 
set of homogeneous equations, one of them a quadric, n—2 of them 
linear, and one of them an r’*-ic. The resultant in the case where 
r is 1 is a determinant formable, as in Sylvester’s theorem just 
referred to, by bordering the discriminant of the quadric. When r 
is greater than 1, the resultant is more complicated, being in fact 
a function of such determinants. To the former case no reference 
is made by Clebsch, it naturally being from his point of view com- 
paratively unimportant. 


ROUTH, E. J. (1864). 
(See under this heading in Chap. I.) 


SALMON, G. (1866). 

[... Moprern HicHer Atcespra. 2" ed. xv+296 pp. Dublin.] 
Denoting the Hessian of wu by |t,%e9%33|, Salmon draws attention 

(pp. 15-16) to the bordered Hessian 

Un Ue tis G1 

Us, Use Usg Ug 

Us, Use Ugg Ug as 

“Uy Us 

ay Op ag . ° ’ 
where w;, Us, Us are the first differential-quotients of uw, and the a’s 
are constants. This five-line determinant he denotes by 


(Gab 
and performing on it the operation 
(n—1) col, — a, col, — 2, col, — x, cols, 
followed by the operation 


(n—1) row, — 2, row, — 2 ,TOW, — %ZLOWs, 
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he readily deduces the result 


wa nN a i 
Cia) = sHere) mires al: 


He also points out that if there were four variables, and the matrix 
of the Hessian were triply bordered, we should in similar manner 
obtain 


ee" es) 7 aor) 


NGS aap eee op (’ - 


There is also given at the close of the volume (pp. 248-252) a 
very helpful exposition of Clebsch’s work of 1860 above referred to. 


1 Lax: ~pe(B): 


VERSLUYS, J. (1871). 


[Applications des déterminants a l’algebre et & geometrie ana- 
lytique. Archiv d. Math. u. Phys., liii. pp. 137-187. ] 

Versluys’ long series of ‘applications’ * at once calls to mind 
Painvin’s of ten years earlier. The series is preceded by a page 
or so of purely algebraical introduction containing the result to 
which we have referred under Clebsch. 

The problem, though not so stated, is to eliminate the variables 
from an n-ary quadric and n—1 linear homogeneous equations ; 
for example, to eliminate z, y, z from 

aa + by? +62? + 2fyz+ 2922+ 2hry = 0 )) 
at+Bytyz = 90 (2) 
Ay + Boy + Yo2 () (3). 
As (1) can be written in the form 
(ax--hy +g2)x + (ha+-by+fa)y + (gatfy+ez)z = 0, 
Versluys asserts that it is necessary and sufficient that values for 
A and « can be found for which 
axthy+gz = Xa, +i 


hatbyt+fz = B,+up, (I) 


gut+fy tez = Ay +KYs 


* For others involving bordered determinants see Archiv, |. pp. 157-175; li. 
pp. 49-71. 
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when «, y, z have values determinable from (2) and (3); and that 
therefore it is necessary and sufficient that one set of values for 
x, Y, Z, A, « Shall satisfy (1), (2), (3). The condition 

Gad? gi yiaaass 


h b i By By | 
ile Mca Niet f Neal 69 gig 
a Py V1 | 
a, Bo Yo - - | 


is thus reached. A similar seven-line determinant is obtained for 
the next case. 

We note for ourselves that if we write the given quadric as a 
bilinear, namely, 


getwe 
and substitute therein the proportionate values of 2, y, z deduced 
from (2) and (3), a quite different form of the eliminant is obtained. 
We thus arrive at the interesting identity 


z, 


BK Bo tyes |. dale cralonly saab iat ailtaly 

| ES EP Ie a h i] IB ye 
lg fae rary h b ie ly.a0| 
a1 Bn : an g ik c |a,,], 


a; Bsiivs 4 ty 


which is readily verifiable. In the second place we note that the 
unknowns might have been eliminated in two instalments, first, 
A, w from (I), and then a, y, z from the result and (2) and (3). The 
outcome in that case would have been 


@ a ay, ho a a G G@ aM 

h B, By 6 B, Bs hee cheats): 

Ge Yi Vs FV Ye ree yy Yel{ =O 
ay B, Nal 
As By Y2 


the determinant of which is again readily seen to be equal to Versluys’ 
five-line form. 
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HESSE, O. (1872). 
[Ein Cyclus von Determinanten-Gleichungen. Crelle’s Journ., 
Ixxv. pp. 1-12; or Abhandl..... Akad. d. Wiss. (Miinchen), 
x1. pp. 177-192; or (in Italian) Giornale di Mat., xi. pp. 309- 
317; or Werke, pp. 585-598. | 


Hesse slightly modifies Salmon’s notation, writing 
[wa, wa] for Cay 
and, more generally, putting 
[ay, 86] 
to stand for the determinant obtained by bordering |w,,| verti- 
cally by 
TEL PES WE Bolte, MEE OV Ney Ne dee eo 


and horizontally by 


BMS, eB), and Of) Ope ae Oe 

His starting point is Jacobi’s theorem regarding a two-line minor 
of the adjugate, as applied to the adjugate of [ay, 8d]; the result 
of this is 

[ural Lay, 86] = [a, B]ly, 6] — La, é]ly, 8]. (A) 
By inserting therein ¢ and e for 8 and y respectively, a similar 
identity is obtained ; and the elimination of [a, 6] between the two 
gives 

[ural {Le Eley, Bd] — Ly, Bllae, §6]} 

= [a, B]ly, Ile ¢]—Ly, B]le e]la, cl —(B) 

Next, seeing that only the cofactor of |u,,,| in this is affected by 
changing a, 2, y, 6, ¢, € into y, 6, e, ¢, a, 8, and that the like happens 
when a, 8, y, 6, ¢, € is changed* into e, ¢, a, 6, y, 6, it follows that 
the three cofactors of |w,,| must be equal: that is to say, 


[e, ]Lay, 86] —[y, B]lae, $6] = La, B]lye 66] — Le, sine Beat. (C) 
= [y, d]lea, $8] — La, ley, 68] 


From (B) another set of three cofactors of |2,,| is obtained by the 


* We may note that these changes are equivalent to the performance of cyclical 
substitution on a, y, « and B, 6, ¢ simultaneously. 
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performance of cyclical substitution on a, y, «; but the deduction 
in regard to them is that their sum vanishes: that is to say, 
[e, ClLay, 86] — Ly, d]Lae, ¢6] 
+[a lye Bé]—le, élLya, a = 0. (D) 
+ [y, ¢I[ea, 86] — [a, s]Ley, ¢6] 
Lastly, by returning to (A) and performing therein cyclical substi- 
tution on £, 6, ¢, there is obtained another triad of equalities ; and, 
if on these we use the multipliers [e, €], [e, 8], [e, 6] and thereafter 
add, there results 
|%inl {Le Olay, B6] + [e, Bl lay, 6€] + Le Lay, §8]} 
| la, 8] [a, 6] [a, ¢] 
[y, 8] ly, 6] ly ¢] 
Is 6] fs al [6 a 
The four foregoing identities (B), (C), (D), (E) are types of all the 
sets of equations which Hesse uses for the main purpose of his paper, 
namely, the generalization of Pascal’s theorem.* The student who 
is interested in this latter subject would be much helped towards 
clearness and effective grasp of it if at the outset he would arrange 
for himself in three arrays the quantities, other than |w,,|, involved 
in the investigation. These are 


[a, 8] [y, 6] fe ¢1 [ye, O€] [ea, 8] [ay, Bd] 
[e, 8] [a, 6] [y, ¢] [y, 6¢] [ye ¢8] [ea, 6] 
[y, 8] [e 6] [a, ¢], [ea, 5¢] [ay, 8] [ye 86], 
[a, Bl [ye 64] Ly, 6] [ea, 8) ~~ [e, ) [ay, Bo] 
[e, 8] lay, 6] — [a, 6] [ye $8] Ly, 1 [ea, 86] 
[y, B] fea, 8] [e, 8) [ay, €8) — [a, €] [ve Bol. 
The letter-symbols that go to the making of all three he would of 
course recognize to be 
a,y,e and £8, 6, ¢ 
Then he would note that, exactly as the first array is constructed 
with these fundamental components, the second array is constructed 
with binary combinations of them, namely, 


ye, ea,ay and o6€ ¢B, Bs; 


* Already in Cayley’s case (1843) the study of Pascal’s theorem had led to results 
in determinants (Hist., 11. pp. 10-14). 


(E) 
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and that the third array has for each of its elements the product 
of the corresponding elements in the two other arrays. 


GUNDELFINGER, 8. (1874). 


[Auflésung eines Systems von Gleichungen, worunter zwei quadra- 
tisch und die iibrigen linear sind. Zectschrift f. Math. u. 
Phys., xviii. pp. 541-551.] 

What is interesting here from our point of view is the introductory 
proposition regarding the solution of a set of equations of which 
only one is quadratic and the others linear. In the case of three 
unknowns it is to the effect that if 


x xe. LY: 
“1 1 ang 72, F2 
ae Come, 
be the two sets of values of 
x y 
ZZ 


which satisfy the equations 
ax?+ by*+ oz? 2fyz+2ezx+2hxy = 
px+ qy+1Z 


I | 
o © 
—— 


then, whatever u, v, w may be, 


(xjU+y1V +2,W) (X_U-+Yy2V-+2,W) 


as equal to 
Re naeee pe ot 
De De tee sy, 
eee Yon Ps 
Read 32 
ae LW 


No proof is given, reference being merely made to a lengthy paper 
by C. W. Baur in the Zevtschrift, xiv. pp. 129-140, 426-435. 

For ourselves we may add that by equating coefficients and 
denoting the adjugate of 


CPG p ia pee 
t q Heb to 
ih AK FAG B 
r P QR 


h b 
Gay, 
Dad 
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the asserted identity gives 


Ut, = —A, Yet Yor, = —2F, 
YY2 om —B, ZyLat Zoly — eal 
Zt, = —=C, LyYot ty, = —2H, 


from which we have, for example, 


@ , % _ 2H 
7. Y «2B | 
7 rial 
and thence 
a, a  H+J/H?-AB H- /H?— AB 
Pires B ; B 


x,/y, and x/y_ being thus the roots of the quadratic 
Ba?—2Hay+Ay? = 0. 


DARBOUX, G. (1874). 
[Mémoire sur la théorie algébrique des formes quadratiques. Journ. 
(de Liouville) de Math., (2) xix. pp. 347-396. ] 


Near the outset (p. 356) of this important memoir Darboux 
formulates as a lemma the theorem that 7f |a,,| be axisymmetric, 
the determinant 


By | cak- coun Bye Me ee eke eat 
Si sada) Cag Een ee eee 
11 Goats (a! Mn1 
bya, eee es yk 


can only be identically zero if all the (n—p)-line minors of |a,,| be 
zero, and then all the like bordered determinants in which p has lower 
values are also identically zero. His proof is appropriate enough 
to his main subject ; for another, a paper by Stickelberger ‘ Ueber 
Schaaren von bilinearen und quadratischen Formen’ in Crelle’s 
Journ., Ixxxvi. (1878) p. 21, may be consulted. 
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VERSLUYS, J. (1876): MANSION, P. (1877). 


[Résolution d’un systéme d’équations, dont une est du second degré 
tandis que les autres sont linéaires. Archiv d. Math. u. Phys., 
Ix. pp. 128-137.] 

[Résolution d’un systéme de m equations & m inconnues dont . . . 

Nouv. Corresp. Math., iii. pp. 376-381. ] 

Versluys’ solution of the set of equations 
ax? + by? cz? + 2fyz+2g2r+2hay = 0) 
pxet+qytr = 0 J 


rests on the fact that by using with the first equation the multiplier 


a hg 

ean oes Ort say, 

| g fee er 

Pe Umer 

he obtains as a substitute the equation 
APH ee GL as 
HS Prony 
=e a Cra Ly hee | = 0 

Pe Qik | 
te ef ae a 


in accordance with an identity first foreshadowed by Sylvester in 
1850 (Hist., ii. p. 118). Performing on the five-line determinant 


here the operation 
r-TOW3; + 4 °Lrow, + p-row,, 


followed by the operation 

r-cols; +q-col, + p-col,, 
and utilizing the second of the given equations, he thus readily 
eliminates z, the result being 
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whence there comes, on leaving out the factor u?/r? 


a” Ue 
Ho Bey (ete Os 
| 
which of course carries with it 
|B F y| OgeGr-2 
|F C z| = 0, Ge As lor hee 
cur az | ace te 


The required values of the three ratios, x/y, y/z, z/v are thus to hand, 
the given ternary quadric and linear having given place to two (or 
three) binary quadrics. Similar procedure leads to the solution 6f 


Ge Ye 


= 0 
a hwgnk te 
he. DESe say ey 
Cad Le ee . 
Ketjus tc tap 
Le+lyt+hz+lw = 0 
Metmytmz+mw= 0), 


the first step being the multiplication of both sides of the first 
equation by the bordered discriminant 


k 


Cane 


g Lm | 
hitibes fukj. an 
g9 f ¢@ 4% Is ms | 
Be pee ae 
L & | 1. 


| 

Mm My Me Ms | 

In this case the given quaternary quadric and two linears are replaced 
by three (or six) binary quadrics. Versluys also points out that 
on solving any one of the said quadrics the quantity that remains 
under the root-sign after simplification is the bordered discriminant 
preceded by + or — according as the number of given linear 
equations is odd or even. For example, the first quadric reached 
above, namely, 

Ba?—2Hay+Ay? = 0, 
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gives us 
2 H+ /H?—AB 


Yy 5 


where the negative of the quantity under the root-sign is a two-line 
minor of the adjugate of the bordered discriminant, and therefore 
is equal to ru, so that 

Ge tabs rl 


and the reality of the roots is dependent on the sign of u. 


VOSS, A. (1877). 
[Ueber gewisse Determinanten. Math. Annalen, xiii. pp. 161-167.] 
The determinant which Voss borders is that whose matrix is 
unity, namely, 1 
0 
0 


but the reason which he gives for restricting himself to this is itself 
instructive. Taking in the first instance any determinant |a,,| 
and giving its matrix an r-line border, he had multiplied the re- 
sulting determinant, V say, by |A,,| in the form of a determinant 
of n-+r lines. For example, with n = 4 and r = 2 his procedure 
would have been : 


V-|a,bocgd,|> = G, Go Gg Gg m m, | A, A, Ag Ay 
b, by bs by my Ny |B, B, Bz, By | 
G & Cz Cy M3 Keg Orme Wee Us mug 
d, dy dg dy My Ny D, D, Dz D, 
| Pee es” Big i 
Lpaaery Sry Oe ; heels { be a | 
= AyboC4d 4| . . 5 My Ny 
|a,b.cd4| ; . Ms, Ng 
| 40.634 4| ; Ms Ng 
: ‘ |QybxCgdq| M74 M4 | 
DrA YrB =rC =rD | 
YsA xsB YsC sD 
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He had then noted that on multiplying each of the last + rows of 
the product-determinant by |q,,| the said determinant as thus 
altered was divisible by |a,,|", and that thus he was entitled to 
replace |q,,| in the diagonal on the right by 1, provided he altered 
the left-hand member to 

V -|a,,|°-*. 


A less important result formulated by Voss is to the effect that 
of a unit matrix receive an r-line border, the determinant of the resulting 
matrix can be expressed as an r-line determinant: for example, 


| Pe ee eet Pee 
1 Pig Bo Ks 
: i‘ fe Py, Py P 13 | 
1 Pi © Pa PS i De Ree 
op bake AE Ps, Py Pass], 
L m % - & : : 
Ly Me Ne Ty. Se 


where Py, = (Amyngysy } Aye 191); 
Pyg = (LymgngoSo 4 i 
Py = (lgmgngrs83 ) Agttg’sP3F3)- 


Nothing by way of proof is given, the result in all probability being 
viewed merely as a variant of Sylvester’s of 1852. (Hust., ii. p. 200. 
See also our footnote to p. 57.) 


PAIGE, C. LE (1880). 


[Note sur les déterminants bordés. Bull... . Soc. Math. de 
France, viii. pp. 128-132. ] 


Le Paige’s procedure is quite similar to that of Voss, but it is 
given in fuller and clearer detail, and is carried farther. At the 
outset he deals with axisymmetric determinants, and then afterwards 
passes on to determinants in general : it is better, however, to take 
the latter at once. 
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Multiplying his ‘ déterminant bordé’ 


445 


Crete eer Oe Ay Iie 
b, by ee Op Aseria Ps 
€& = €; As Ms VY5|, or V say, 
L 0, bs 
mM, Mz Ms 
re es) wakes ity 
by |a,b,c,d,e,|* in the form 
jAr A, A; 
| B, B, B, 
KE, £E, ee 
1 : 
LYUte 
1 
and dividing by |a,b,Ca¢4e5|", he obtains 
V-|a,bocgde5/?, = | 1 ; Ay My 4 
1 Az My Ye 
; 2 As Ms Ys 
DIA DIB LIE 
xSmA XmB =<mEi 
| =XnA XYnB Ynk ; 
where DIA = 1A, +4hA, +... 4+1,A;, 
[mB =.m,B,+ mB +. . . +m,B;. 


He then substitutes (Hvst., ii. pp. 199-200) for this eight-line deter- 


minant the quasi-product 


| Nome A> beer AS WA y= 2B 
: M1 Be Ms ||. || 2mA XmB 
ith Vg ieee yy; SnA XnB 


DIE 
=mE 
>nK 
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which, by the extended multiplication-theorem, is known to be 


ADIA+ ... +A,DIE AyDmMA+...+A;DmE A, DnA+... +A;2nH 
my DIA+... +u,2B wylmA+...+¢,2mE w,2nA+...+p¢,2nk 
y, A+... +y,50E »,lmA+...+1,2mE vy, 2nA+...+1,2nH |. 


In the next place, he has the insight to recognize the elements of 
this last determinant as being ‘ formes bilinéaires,’ and themselves 
expressible as bordered determinants. The general theorem thus 
reached he formulates as follows: Le produit du déterminant que 
l'on obtient en bordant un déterminant du n®*” ordre, A, de r colonnes 
de n éléments X, w,...,@ et der rangées d’, p’,...,0' par la 
puissance r—1 de A, est égal & un déterminant du rx” ordre dont les 
éléments sont les formes bilinéaires obtenues en bordant A dune 
colonne et d'une rangée proses dans les 2r lignes 


/ tA , 
Nj one orcs same Ncs [Lag ence ie 


This will be seen to mean that the first element in the final three- 
line determinant above is 


Sy, migily Cotkly Mowe we athe Lt ae dt 
| or 
ee a, Aw A Az| A, 
ry b, b, b, B, B, B; ne 
Veet a, See Fete Bit hee won ade Nee 


according to our choice of notation for bilinear forms. 

It is necessary to point out, however, that Le Paige’s equality, 
hike Muir’s of 1881, is merely a case of Sylvester’s of 1851, greater 
attention being directed to the second member of the equality by 
making it the first. 


CHAPTER XX. 


DETERMINANTS WHOSE ELEMENTS ARE COMBINATORY 
NUMBERS. UP TO 1880. 


HERE again there arises a slight difficulty of classification, for, 
manifestly, there is no reason why determinants with elements of 
the form m(m—1)...(m—r+1)/r! should not be quite properly 
placed in one or other of the preceding chapters. As a matter of 
fact, for example, a not unimportant subsection of those that come 
up for treatment are in form persymmetric. We have been finally 
guided in the matter by considerations of mere convenience,—the 
convenience of the reader, whether he use the volume as a book of 
exposition or a book of reference. It will of course be fully recog- 
nized that a classification of special forms originating, so to say, 
at random could never be strictly logical. 


BALTZER, R. (1864). 
[THEORIE UND ANWENDUNG DER DETERMINANTEN. ... 2*° verm. 
Auflage, viii+224 pp. Leipzig. ] 
Two instances of the evaluation of such determinants are given 
(pp. 16, 19), namely, 


1 (c+m), (ctm+1), .... (c+2m—I1)q 

1 (c+m-+1), sae wee (C+2M)y aay 

1 (c+2m), orate we ee (C4+380—D) yn bat 
and 

(C+) m (ctm+1), .--- (¢+2m)n 

eine (c+m+2)m Ser Sigua bee (ee ia ea 


lettin.” AGL oeath shar eet 
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The first result follows from diminishing each row in backward order 
by the row immediately preceding, and the second from doing this 
repeatedly and then treating the columns in like fashion. The former 
may also be viewed as a corollary to a theorem of Stern’s (1865) 
in regard to alternants, and the latter is a simplification of an 
instance given (1861) by Hankel in illustration of his theorem 
regarding persymmetric determinants, namely that, for example, 
when c = 3 and m = 2, 


P(10, 15, 21, 28, 36) = P(10, 5, 1, 0, 0). 


ZEIPEL, V. v. (1865). 
{Om Determinanter, hvars elementer aro Binomialkoefficienter. 
Lunds Univ. Arsskrift, 1. pp. 1-68. ] 


The main subject of this painstaking and methodical investigation 
would be more definitely described as being various cases of the 
determinant 


| (mM), (M+ A 4 (M+ 21) pice. « - (MATA) ve 


that is to say, the determinant which not only has for its elements 
numbers of the type 


> 


r(r—1)... (r—s+1)/s!, 
but which has the bases of these numbers identical throughout 
one and the same row and regularly increasing throughout each 
column, and has the suffixes identical throughout one and the same 
column and regularly increasing throughout each row ; for example, 
(5)o (5, (je| |4 6 4 
(6)o (6). (6)2) | 6 15 20 
(T)o (71 (Te|, 18 28 54]. 
A beginning is made with the case 
dl, <p tee a) 
when it is readily shown by reduction of the columns in order that 
the value of the determinant is the same as if m were 0, and there- 
fore is equal to 1. Passing to the case where d = 1, e = 1 and p 
is not specialized, Zeipel removes from the rows the factors 


m, m+l1, m+2, ...., m-ty7, 
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and from the columns 


lies $2 1 ae 
p p+)’ pt2’ ‘ti Sa ptr 
and obtains 
| (m), (m+ Vp a1 ities (m+r)r++| 
M+), 
= era =| (m— CDS Beer (m+7—Vp4ra|, 
repeated use of which gives him finally 
| (mm), (m+ Vp+1 . » (M+7)p+e| 
pestle aay ne ayeve: (m+r—p+ Dri 


(PAT) raa(P+T—VUrtr - + (PAV ptr 


Another procedure consists in removing from the rows the factors 


(n),, (m-+1),5.--; (m+1)p; 
and from the columns 
1 i 1 


i). GH? @H 
the result reached in this way being 
(m+r)p - . - (M+1)p(M)p_ 
(p+r)p .- - (P+1)p(P)p 
A comparison of the two expressions shows that the procedures 
applied in like manner to 
| (mr — p+] rss (m-+-r—pt2)r+2 2 + (M+1)r+p 
will give the same results in the reverse order ; consequently 
| (m)p(m+1)p+1 22 © (M+7)p+r 
sg | (m+r—p+Vrsi(m+7—p+2)r4s SOU (M+7)r+p|- 
A third form for the same determinant is got by repeatedly per- 
forming the operation of diminishing the rows in backward order 
each by the immediately preceding row, namely, the form 


(mp — (m)ptr (pen + + + (M)ptr 
| (Mm) p—1 (m)p (m)p+1 mee ptr 
| (m)p_2  (™)pa (™)p eis (™)ot0-» 


Cie (™)p—r41 (Motta. + +» (mn), ; 
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which, it should be observed, is persymmetric with respect to the 
secondary diagonal, the base being constant and the suffixes de- 
creasing from p+r to p—r. By taking columns instead of rows 
and performing addition instead of subtraction, there is obtained 
a fourth form, namely, 


(m)» (m+1)p41 (m+2)p+2 5 Wee * (m+1)p+r 
(m+1), (m+2)p4, (m+3)p+0 wee (m+r+l])pts | 
Wega (mt oi Unt es see (m+r+2)p+r | 
any (casi, (rate Dos - 22 (M42r)p4r |, 


in which the suffixes follow the same law as in the original, while 
the bases are identical throughout each north-east diagonal and 
increase regularly by 1 in each column.* An interesting special 
case, first noted in its recurrent form by Trudi (see above, p. 219), 
is that in which p = 1, the value of each form of determinant being 
then (mM+1)r41 3 
this also, it should be noted, is their value when p = m—1. We 
may add by way of illustration that the first process of evaluation 
followed by Zeipel gives 
(Be (Bs ()e 
ORO OT Mis riser arms oe UE 
(7). (7)3 (Va 
the second gives the same determinant 
_ (B)o(6),(7)p _ 10-15-21 


= = =: 175; 
(2)o(3)o(4)o Led 
both give the same value for 
(6)s (6)s 
r (73 (@)als 
* A fifth form is 

(m+7r)p (m+r+1)p41 (m+r+2)pyo ©...  (m+27)p+, 
(m+r—l1)p1  (m+r)p (m+r+ 1)p41  . 2. (m+2r-1)p4r-1 
Lee Aas Gai te ee Ape hap le 
fale 2 ants, e aH) aves) r+2 7, nae ; 


from which, it being persymmetric, the third form is epeuine hie by Hankel’s 
transformation. Further, since in this fifth form the excess of each base over its 
suffix is m+7-—p, we can have, as a counterpart to the third form, a variant in 
which the suffix is constant and the bases decrease from m+2r to m. 
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(5)2 (5)3 (5)a 
(5) (5) (5)s 
(5)o (5) (5)! 
are additional equivalent forms. 

The next Section (pp. 13-41) of the memoir concerns the cases 
where the bases or the suffixes do not proceed by the common 
increment 1. The simplest case is where e = 1 and d is not 
specialized, the result being 


| (m)p(m+d) p41 22s (m+1d)p+r 
_ (mtrd)p.. . (m+d)p(M)p | ghrir+n. 
(pp + + (P+])p(P)p 

This is obtained (pp. 30-35) by removing factors as in the second 
procedure above indicated, and then showing that the determinant 
so reduced, 

|(m—p)o(m—p+d), . . . (m—p+rd), 
The corresponding case where d = 1 and eé is not specialized is 
treated in like fashion (pp. 35-41), the product of the removed 
factors being 


(5)2 (6)3 (7)a 


ey dq?” (r+1) 


(m)p(m+1)p .. . (m+1)p 
(P)p(p+e)p - - - (p+Te)p 


and the reduced determinant 
| (m—p)o(m—p+ 1), . . . (M—P+T), |. 

For the latter there is obtained the lengthy expression 

P(m—p, r)-P(m—p—et+l, r—1) . . . P(m—p—r—1-e—1, 1) 
{(e=1)e-1}"{ (2¢—Ne-a}”{ (re—1).-1} 

eydieres 0) in(aie, qe (112) (7-1) ee Goan m1), 031 


On changing the left-hand member so as to have the base of the 
elements constant, and taking p = 1, e = 2, r= m—1, the out- 
come is 


m), (m)s (mM)s 
M)y (Mg (7) 4 Seen 
( 
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where the equivalence of (m), and (m),,_, makes the determinant 
centrosymmetric. Of less interest are the cases (pp. 13-21) in 
which the bases increase regularly by 1 save at one place where 
the step is from m--r to m-+-r-+s, and the cases (pp. 24-30) in which 
the suffixes increase regularly by 1 save at one place where the step 
is from p+u to p+u-+v. For such cases the modes of treatment 
are as far as possible the same as before. Interest, however, is 
reawakened when we come to the determinant 


| (272) p(22) p41 ate (y)p+w-1(2)p+u; 

where the w-+1 bases m,n,..., Y, 2% are any integers whatever. 
Taking first the case where p = 0, Zeipel removes the factors, 

Leg lie! 

Li 3h sol ee 
from the columns, and shows that the resulting determinant is equal 
to the difference-product of m, n,..., y, 2, thus obtaining 

4 
[(mo(mr . - - (Yo-1(Zo| = = saith . ¥ ile 


a result obtained the same year by Stern when studying alternants. 
Then proceeding in the same way, he obtains for 
|(™)o(M)p41 ies (Y)p+w-1(2)p+0| 
the expression 
(m)y(%)p - » + (Y)r(2)p 
(P)p(P+1)p - +. (P+e)p 
and thence, with the help of the previous case, 
_(m)p(M)p - - - (Y)p(2)p _- Gm, ON ED, 
(p)p(P+ 1p... (pto)y 1°- 29-2... (o—1)?w! 
The third Section (pp. 41-57) concerns the principal minors of 
arrays like 
(m)p (m)p+1 (M)p+2 (M)p+s 
(m+d)p  (M+d)pi1  (M+-A)py. — (M+d)p4s 
(m+2d), (m+2d)y4; (m+2d)pi. (m+2d)p45 
(m)p (M)p+1 (M)p+2 
(m+d),  (m+d)p4, — (m+d)p+2 
(m+2d)p (m+2d)p41 (m+2d)p+4» 
(m+3d), (m+3d)p4, (m+3d)p+2 |; 


; | (m—p)(n—p), ae (y—p)o-1(@—p)a|, 


> 
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where the number of rows is 1 less or 1 more than the number of 
columns. Such minors are of course deferminants which have been 
studied in the preceding Section, so that the nature of the relations 
existing among them may be readily obtained when wanted. 

The fourth Section (pp. 57-68) is occupied in considering the 
determinants which arise from replacing the last column in 


| (mo (m+1) . . . (m-+r), 
|(mm), (M+L)y (MN r+], 


? 


in each case by 
UNS EL aw een (9): 


The first is found to be equal to 
0 when n < 7, 
r! when n =r1; 
the second to be equal to 
(—1)'(a—m)" when n=r; 
and both of them to be complicated in the remaining case. 
Zeipel, we may remark in passing, seldom uses any other property 
of the combinatory numbers (n), or C,,,, than 
(1), = (nov and (n), = (n—1),+ (n—1),, ; 


and consequently his work is sometimes less compact than it might 
have been. Thus, where the bases of a row are constant and the 
suffixes are consecutive integers, the identity 
(a—b); = (@);—(@)s_—1 (6), +(@)s2(B+-1)2—(@)s_s(bD+2)3+.. «5 
which is obtained from equating coefficients of x’ in the expansions 
of (l—2x)*(l1—z)~ and (1—z)*~, may be used with good effect. 
Taking, for example, a determinant of the type dealt with in his 
second Section, namely, 
(m)o (m); ()s (m)s (m)« 
(m+1)o (m+1), (m+1), (m+1)s (m+1), 
(m+2)o (m+2), (m+2),  (m-+2) 
(m+4)o (m+4), (m+4), (m+4)3 (m+4)q 
(m+5)o (m+5), (m+5), (m+5)3 (m+5)4/, 


454 HISTORY OF THE THEORY OF DETERMINANTS 


where at the same place in every column there is a break in the 
uniformity of the increment of the bases, and multiplying it row- 
wise by 1 in the form 


1 

—(m), 1 : 

(m+1), —(m), 1 2s, ht 

—(m+2),  (m+1), —(m), pet 
(m+3), —(m+2),  (m+1), —(m), 1, 


we obtain by means of the said identity 


ee ee ee 


which 
= |(4)3(5)4)| = 10. 


Again, the companion identity 
(a+b), = (a); + (a)s_1(b); + (@)so(b), +... + (b), 

may be employed with equal success. Thus, by reason of it, the 
determinant 

| (m+m’')s (m+n')s (m+p')s  ( ) 

(n+m'),; (n-+n')s (n+p')s (n+q’)s 

(p +m’); (p+n')s (p+p')s (p +9’) 

(q+m)s (9 +n')s (9 +P')s (gy +9’) 


is seen to be equal to 


(m)o (m), (mn (m)s | (m’)s (m'), (m’), (m')o 
(2)o (My (Mz (M)s any (n')s (m')p (nm), (no 
(Po (Pi (he (P)s | (P')s (Pe (wh (Po 
Qo (Gi (Ge (Gs: 1(Q')s (le (Qh (9')o |, 


and therefore to be equal to 


Com, n, p, gd. Cm’, n’, p', 7’) 
{ 18 2291 3 F 
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ZEIPEL, V. v. (1871). 


[Om determinanter, hvilkas elementer Aro binomialkoefiicienter, 
multiplicerade med vissa faktorer. Lunds Universitets Ars- 
skrift, viii. 36 pp.] 

Here Zeipel takes as his groundwork determinants similar to those 
of the memoir we have just dealt with, the subjects of his new 
investigation being got by annexing to each of the elements a factor 
taken from a systematically-formed square array. For the purpose 
of increased clearness we shall diverge a little from his mode of 
exposition, keeping the basic determinant and the array of introduced 
factors separately in view. 

Having established in §1 of his previous memoir the identity 


Mm) mM+1),...(m+r 
|(m) m+} par see (m+1)p+r| = nareaye ao ane 
he now devotes the corresponding Section here (pp. 1-9) to the 
establishment of the companion result: If each element of the 
determinant 


| (ma), (m)p44 phase ee (are 
(m-+1), (m+1)p41 ae (m+1),4+ 
(m+r), (M4T)py ---- (M44) 
be multiplied by the corresponding element of the array 
m—p a 8 sors 0 
m—p+l a+l B41 .... ptl 
m—p+r atr @6+r .... pt, 


the resulting determinant is equal to the original multiplied by 
(m—p)(m—p-+]l)... (m—p+r). 

By way of proof he follows his old procedure, removing from the 

rows in order the factors 


(m—p)(m)p, (m—p+l)(m4+1)p, ...-, (m—p-+r)(m+7)p, 
and from the columns the factors 
ine 1 Teo ected) 


VP pt)? (pt+ij(pt2) °° °°? (pt+l)(p+2).. . ptr)’ 
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and then showing that the determinant as thus reduced is equal to 
r!. Attention is of course drawn to the fact that the r quantities 
a, 8,...,p introduced through the distributed multiplication do 
not appear in the expression of the final value. 

The main result of the next two Sections (pp. 9-17, 18-24) is 
that If each element of the determinant 


(m); (m), (m)p41 oy ae (at) gee 
(m-F1) (mo (m1) caaeika 
(m-+1), (m-+1r), (m+1)p41 | Se * crc) Se ? 


where k is equal to one of the other suffixes, be multiplied by the corre- 
sponding element of the array 


Lea B irae te als 
licatliae GLP ets ee p+1 | 
1 atr Bor .... pti, 


the resulting determinant is equal to 


eat ieee eo _. (m),(m+1), . - . (m+r—1), (mr), 
(kph Rte = ae renee eee aa 


-(m—p—a)(m—p—8—1)(m—p—y—2).. J ; 
where the number of factors following the fraction isk—p. The proof 
is accomplished in instalments, the case where p = 0 being taken 


first and being made dependent on the case where p = 0 and r = k. 
The mode of showing that in this latter case the value is 


(m—a)(m—@8—1)(m—y—2)... 


is to prove that the determinant then vanishes if m be put equal 
to a, 8+1, y+2,...; some shorter mode ought to be devisable. 
The other result orthy of note in the third Section is that If each 
element of the determinant 


1 (m)y (m), eee» (mM) 
1 (md) (m--d), staat (mt dds 


1 fae Pate (M-Frd Pere 7 eee ; 


COMBINATORY NUMBERS (ZEIPEL, 1871) 487 


be multiplied by the corresponding element of the array 
i fa B 


Ss) eurekie P 
digas qi 4-Gaghls cine p+d 
1 a+rd B+rd .... p-4rd, 
the resulting determinant is equal to 
riderty), 


It is not at all difficult to establish, and indeed the case where 
d = 1 has already been made use of in the first Section as an 
auxiliary. We note for ourselves that in this theorem and in the 
preceding the value of the basic determinant is 0, there being in 
both cases two columns alike. 

A similar pair of theorems in the fourth Section may be taken 
out of their order for the sake of comparison. The first is that, 
If each element of the determinant 


(m)k (m)o (m); see (MM) 
(mB ims )oui(mtl), lepsiceroe(m t+) 
(m-+r), (m-+r), (m-+r), .... (m-+r),_; |, 
where k is equal to one of the other suffixes, be multiplied by the corre- 
sponding element of the array 
Love 8 aan ef) 
1 atd 6+d .... p+d 
1 atrd Bird .... p-+rd, 


the resulting determinant is equal to 
(k+1)(k+2)...r-d'-*-(md—a)(m—1-d—)..., 

where the number of factors following d'-* is k. The other theorem 

of the pair is that, If each element of the determinant 


1m (m), (m), eee ae | 
m+l (m+1), (m+I), .... (m-+1), 
ina | (m+r), (m-+r), .... (m-+r), | 


be multiplied by the corresponding element of the same array as in the 
preceding, the resulting determinant 1s equal to 
m(m-+1)...(m-+r):-d". 
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It will be noticed that the cases of these theorems where d = 1 are 
included in previous results ; also that in each theorem the basic 
determinant has two columns alike. The case of the second theorem, 


where d = 2 anda=8=y=...= 1, is readily transformable 
into 

il 1 (in), opie inet 0/79 he 5, 

BP aD, 2 Deg gg en 

i+ 1 (m+2), .... (m-+2),.,| = ey ed CE Sb 
| ‘ sek Ge. 

| Spd 1 7 So ae ea 2 3) a 


from which, with the help of Wallis’ continued product for 7/4, 
there is readily deduced the result that as r approximates towards an 
infinitely great integer, the product of 2r+1 and the determinant 
approximates indefinitely near to 7/2. 

It only remains to note that in the first six pages of the fourth 
Section cases are considered where the array of factors is in effect 
changed into its conjugate before the distributed multiplication is 
performed. The most interesting result reached is to the effect that, 
If each element of the determinant 


|(m)o(m+1),.... (m-+r), 
be multiplied by the corresponding element of the array 


j 1 1 | iin eens A. | 
Lalvcatl ta+-2iy cen aoe 
LB: B4:1 hee gene tan ore 
in pt+l p+2 .... ptr}, 


the resulting determinant is equal to 


(m+a+1)(m+6+2)....(m-+p-+yr). 


That m-+a-+l is a removable factor is established by performing 
the operation 

TOW, — a*TOwy, 
and using the identity 


(a+s)(m+1), — a(m), = (a+m+1)(m),_, 
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A similar procedure suffices to effect the removal of the factor 
m+3+2, and thereafter of the others in order, when it is found that 
the determinant as thus reduced is equal to 1. 


TIRELLI, F. (1875). 
[Quistione 36. Giornale di Mat., xiii. pp. 167, 225: solution by 
A. Landriani, xiii. pp. 356-358. ] 

Tirelli’s results are somewhat obscured by his notation and by his 
adoption of an awkward order for the columns of his determinants. 
If instead of using one notation for n(n+1)...(n+k—1)/k! and 
another for n(n—1) .. . (n—k-+1)/k!, we use the same for expressing 
both, denoting them respectively by 

(nt+k—1), and (n);, 
and if we reverse the order of the columns in each case, the identities 
submitted by him for proof are : 


1 (p+l]) (p+2)e ee (Pata lao 


1 (p+2), (p+3)e (p+) n—1 al, 
, (ptn), (ptn+l), .... (p+2n—2)n4 
i et ee ee, 4, eet, | 
3g 4g... Ne = 32 4, Be o> (1). ome 
eM (Mua (MDa (M42)q1..- (2—Wya 


With the first determinant we are already familiar from Zeipel. 
The third, as we also know from Zeipel, is transformable into the 
second by repeatedly diminishing each row in backward order by 
the row in front of it, the number of rows affected being one fewer 
each time ; and the second, by the like operation performed on its 
columns, is changed into the persymmetric continuant 


the value of which is n. 
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JANNI, V. (1876 2). 
[Nota sullo sviluppo di un determinante. 7 pp. ?.] * 
The main result established here, 
|mo(m+1)(m+2),... . (m+n)q| = 1, 
is Zeipel’s. It closely resembles one previously given (Baltzer), and 
may be proved in exactly the same way, the effect of the first trans- 
formation being to show that the left-hand member is equal to the 
last of its own principal minors, namely, 
| mo( m+1),(m+2), ... (m+n—1),4 . 
Attributed also to Janni is the ante recurrent { of which the 
five-line instance is 


1 Qe | 
ee Mec 
1 2, 2. . Uy | = Ug—4ug+6u,—4u,+u = Atuy. 
iets gees toe 
1.4, 4,54, 


It is at once established by performing the operation 
row, — 4 row, + 6 row, — 4 row, + row}. 


BONOLIS, A. (1876). 
[Sviluppi di alcuni determinanti. Giornale di Mat., xv. pp. 113-134.] 


Bonolis’ earlier results may be best viewed as slight generali- 
zations of simple identities of Zeipel’s, and be most easily evaluated 
by being made dependent on the latter. Thus the determinant 


(m)o a (m), at A ca 3 (m),.a™ -rt 
(m+d)ya mt+d (m+d),a™t-! rigs eat (m+d, qitta-rt 
(m + 2d)9 a m+2d (m — 2d), gittd-t peau (m+ 2d),.a m-+2d - rt 
(m+ 1d)yan+r4 (m+rd),aette-F ds abe ae autre So | 


* This pamphlet T have not seen. Garbieri in 1878 says in regard to it (Bull. 
di Bibliogr. e di Storia delle sci. mat., xi. pp. 257-318), “ in 8° di 7 pagine, senza 
nota d’anno, né di luogo di stampa, né di stamperia.” 


} It appears in an unnecessarily complicated form in Giinther’s text-book (p. 197), 
the reference being to “ Janni, Lezioni di algebra complementare, Napoli, 1876, 
p. 23.” It is taken over by Pascal (pp. 179-180) and by Leitzmann (p. 138). All 
of them state it incorrectly. 
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(p. 120) can be freed of all its powers of a by multiplying all the 
columns in order by 

a Oa ee 
and then removing from the rows in order the factors 
wie Pieced Ff he Mg ree qgnhtra 
In this way it is made clear that 
qgientra -t)\h(r+1) 
is a factor, and that the cofactor is 
|(m)o(m-+d), ... . (m+rd), 


the value of the latter being known from Zeipel to be 
quer, 


? 


Of the other results the same cannot be said, and Bonolis’ own 
procedure is lengthy. Thus, in addition to the space occupied in 
establishing auxiliary identities, six pages (§7, pp. 122-128) are 
taken up with proving that 


(m)ya° (m+d)ya* wee) (M+2d),a*4 
(m),a° (m+d),a* ate (ie 20) a 
(m)p1@ (m+d)p,a% .... (m+z2d),_,0% 
(m),B°  (m+d)8% .... (m+zd),6" 
(m),8° (m+d),8% .... (m+2d),6" 
(m) 18° (m+d),:8% ©... (m+2d), 8], 


where z = p+q—1, is equal to 
Garett aaa?) 4 eer . Bee ; (B4— at)? , 
5) 
and the remainder of the paper with the similar identities in which 


appear 7 additional rows involving y as a and £ are involved, and in 
which z = p+q+r—1. 


KOSTKA, C. (1876). 
(See under this heading in chap. v.) 
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GUNTHER, 8S. (1879). 


[Von der expliciten Darstellung der regularen Determinanten aus 
Binomialcoefficienten. Zeitschrift f. Math. u. Phys., xxiv. 
pp- 96-103. ] 


This is an attempt to proceed beyond Zeipel by following Zeipel’s 
own method, the quite general form 


|(a)a(B)e - = (Me 
being taken for investigation. In the first place a factor is removed 
from each row and a factor from each column, so as to make the 
elements of the first column of the reduced determinant all equal 
to 1 and the elements of all the other columns free of fractions ; next, 
the multiplications indicated in the reduced elements are supposed 
to be performed ; thirdly, we are directed to use Albeggiani’s 
theorem in order to express the reduced determinant as an aggregate 
of determinants with monomial elements; and lastly, we are to 
trust to Naegelsbach for assistance in dealing with the evolved 
alternants. 
The outcome is not very satisfying. 


CHAPTER XXI. 


ZERO-AXIAL DETERMINANTS, UP TO 1888. 


Wuat was said in the introduction to the preceding chapter regarding 
classification applies also in part here. In addition, it has to be 
noted that as in the next twenty-year period there is only one paper 
concerned with zero-axial determinants, it is thought best to append 
the report of it to the present chapter. 


BALTZER, R. (1870). 
[Theorie und Anwendung der Determinanten,.... 3te ver- 
besserte Aufl... .. vili+242 pp. Leipzig. ] 

In § 4.2 (p. 29) Baltzer considers the question of the number 
of terms in the final development of an n-line determinant having 
all the elements of the diagonal equal to 0. Calling the number 
y(n), he obtains the correct result 


Lael oh 
W(n) = nl{I—1t5.—gt-- H(-1) ak (a) 
although making two oversights in the reasoning, and thence 
deduces Stockwell’s incidental result of 1860 (see p. 3 above), 
W(n+l) = (n+))y(n) +(—-Y™, (8) 


the values of y-(1), ¥(2), .. . beimg thus 0, 1, 2, 9, 44, 265,.... 
By using Cayley’s development of 1847 he also obtains Stockwell’s 


identity 
n! = W(n) + nmy(n—1) + gn(n—1)y(n—2) +. +4. 
It is important to note that the problem here dealt with is identical 
with a much older one regarding arrangements, namely, the finding 
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of the number of permutations of n letters subject to the condition that 
no letter is to be in tts original place. While studying this form of 
the problem, Euler in 1809 obtained the recurrence-formulae (8) 
and the formula 


W(n+l) = n{v(n)t+y(n—]}. 
Similarly (a) was obtained by Oettinger in 1837.* 


WEYRAUCH, J. J. (1871). 
[Zur Theorie der Determinanten. Crelle’s Journ., |xxiv. pp. 273-276. | 
Weyrauch starts with the fact that the number of terms in 


| dy. - - Gnn| which contain a, is (n—1)!, and proves that the 
number containing @; OF dg. or both together is 
(n—1)! 


+ (n—1)! — (n—2)!. 
Having proceeded in this way, he then performs a summation, and 
finds that the number containing one or more elements of the 
diagonal is 
Bad! 1 1 noes 
| atsaae alent ae 1) nif? 
From this it at once follows that 


1 1 1 
= n!}y1— Sim apte e —1)*— +}; 
Whe) a f Listas hiss + ( erg 
that the number containing a particular set of m diagonal elements 
is y(n—m); that the number containing m diagonal elements 
without restriction is (”)_Vy(m—m); that the number containing 
not more than m is t 


B= 


Sy) (2)u Vv (1 i a) > 


w=0 
and that the number containing not less than m is 


w=n-2 


14>) (wa V(n—p). 


BS im 


* Netto’s Lehrbuch der Combinatorik (Leipzig, 1901). 


+ Putting m = 1 here we have the answer to question 445 of the Nouv. Annales 
de Math., xvii. (1858), p. 262 (see Hist., ii. p. 471). 
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MONRO, C. J. (187%. 
[Baltzer on the number of terms in a determinant with a vanishing 
diagonal. Messenger of Math., ii. pp. 38-39.] 


Besides pointing out Baltzer’s faulty reasoning, Monro provides 
a substitute. Expressing a zero-axial determinant of the (n+1)" 
order in terms of the elements of the first row and their cofactors, 
he obtains at once 


| (ntl) = nly(n)+y(n—1)}. 
He then writes this in the form 
(n-+1)—(n-+1) p(n) 
which leads finally to 
Vint 1)—(nt)¥(n) = (— I fy(2)—2H-(0)] 
(—1)""[1—0] 
a iailee 


I 


—[w(n)— ny (n—1)], 


WEIHRAUCH, K. (1874). 
[Zur Determinantenlehre. Zevtschrift f. Math. u. Phys., xix. 
pp. 354-360. ] 
After an introduction and a correction of Baltzer,—who had 


corrected himself the year before,*—Weihrauch gives two proofs 
of the result 


1 ‘| 1 
Y(n) = nif Pe ie ee ck (-y5}, 
neither of them being short or attractive. Using the longer recur- 
rence-formula, he obtains of course 


y(n) = (—1)*| (n) 1 
(1)o (n—1); 1 
RO ee Ua): ound alla 
(nN), (el Ak (022), | okt e © B01), Senet 
i(n)! (n—1)! (1— 2)! as sone LAGO bet 


and this is his starting-point in both cases. 


* Berichte... Ges. d. Wiss. (Leipzig), xxv. pp. 523-537. 
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CUNNINGHAM, A. (1874). 


[An investigation of the number of constituents... Quart. 
Journ. of Sct., (2), 1v. pp. 212-228.] 


In the sections (III.-VI.) which concern zero-axial determinants 
the fresh subject investigated is the number of terms in an n-line 
determinant having r zeros in the diagonal. One expression obtained 
for this is 

W(n) + (n—7r) VW (n—1) + (n—1),W(n—2) +. 
as we should expect ; but by a process of ‘symbolic inversion ’ he 
derives another therefrom, namely, 
n! — (r)-(n—1)! + (r)y(n—2)! — ..., 


which of course includes the familiar 


Win) = Sse 


There is also obtained a recurrence-formula, which we may write 
in the form 

Une = Unrsit Unt, 
As an alternative source for the second expression for u,,, there is 
given a very interesting expansion for a determinant having r zeros 
in the diagonal, ve 


A- i Aga ae ae \4 = Age hyy saan) 


(a yy Cl oA ) 
tad Met «A , BH 


ae 


ara 
yh ( wk ) 
“ aS Wi! Binet ari ec kod 


where A is | @Q9... Gn|. Although the truth of this is said to 
be easily seen, it may be well to note that the zero elements are 
taken to be in the first r places of the diagonal ; that z, Yii2ionas ale 
not greater than r ; that the ¥ in the last term is not required; and 
that as an Saat we have 
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- Gy My a, Os) = | a,b,c,d,e, | — >) a, | dyegd,e, | 
Ge. UML be | 
+ ; 3 fe ‘ | te > AyD, | cgcl,e; | 
oe i 2 
—a,b,c. | dye. |. 
d, dy ds d, ds 1 2€3 | 4°5 | 


Cree forgn en fa - os 


The expansion in its limiting form,—that is, when r = n,— 
might have been called by Cunningham a ‘symbolic inversion’ 
of Cayley’s expansion of 1847 (Hist., ii. p. 42). 


DICKSON, J. D. H. (1879). 


[Discussion of two double series arising from the number of terms 
in determinants of certain forms. Proceed. London Math. Soc., 
x. pp. 120-122.] 


The first determinant dealt with is Cunningham’s of 1874. The 
same recurrence-formula is obtained, and others less important. 
A table of the values of w,,,. is given, although of course it is merely 
a table of the differences of 1-2-3... n. 

The other determinant is that which has zeros in the first 7 places 
of the primary diagonal and in the first r—1 places of the adjacent 
minor diagonal. The number of terms being v,,,, it is stated that 


Var = Up AT 2 Ue, HORSE AG 
also that 
Ca AG calle) Oa Et UE kg eee ag ih gs 
and the values are tabulated as far as 1,9 1. 
We may note in passing that the Y of Muir’s paper of 1877 


is such that 
Cnn Un-1 ssl W (7). 


HERTZSPRUNG, 8. (1879). 


[Losning og Udvidelse af Opgave 402. Tidskrift for Math., 
(4) ili. pp. 134-140. ] 

After a short statement of the facts regarding the simpler problem 
Hertzsprung raises the question of the number of terms in a determinant 
whose two diagonals contain nothing but zero elements. From the 
outset, however, he views it as the problem of finding the nwmber of 


468 HISTORY OF THE THEORY OF DETERMINANTS 


arrangements of the counters, 1, 2,..., n, subject to the conditions that 
an every case the k” counter shall occwpy neither the k” place from 
the beginning nor the k" place from the end, and determinants are 
not in any way referred to. His final result is the recurrence- 


formula 
( 2(m— 2) wn_, for n even, 


hy = (n— 1) way ae \ 2(n—-1) Wy» for n odd 3 


so that, since w, = 0, w; = 0, w, = 4, he finds 


w, = 16, we = 80, w, = 672, wy = 4752, 


HANSTED, B. (1880). 


[Trois théorémes relatifs 4 la théorie des nombres. Journ. de sci. 
math. e astron., 1. pp. 154-164. ] 


The second theorem established (pp. 156-158) is that the number 
of terms in an n-line zero-axial determinant is the nearest integer 
to n!e71. 


SZUTS, N. v. (1888). 


[Zur Theorie der Determinanten. Math. Annalen, xxxiii. 
pp. 477-492.] 


The chief object of the author here is to generalize Weyrauch’s 
result of 1871, and this with a wealth of formulae he fully effects. 
He is unaware, however, of Cunningham’s paper of 1874 and Dickson’s 
of 1878. The way in which he formulates their and his principal 
result is: The number of non-zero terms in an n-line determinant 
having x zeros in its main diagonal is the (n—r-+1)" member of the 
r” row of differences of 


CHAPTER XXII. 


THE LESS COMMON SPECIAL FORMS, FROM 1839 TO 1880. 


WHAT remains now to be attended to are those special forms which 
are of much rarer occurrence during the period than any of those 
hitherto dealt with, the great majority of them, indeed, occurring 
only once. The chronological order of the papers will as hitherto 
be adhered to, save that, in the case of a form dealt with in more 
than one paper, the papers of the group will be brought together. 


CATALAN, E. (1839). 


[Sur la transformation des variables dans les intégrales multiples. 
Mém. couronnés par VAcad..... de Bruselles, xiv. 2™° 
partie, 49 pp.] 

The third and fourth sections (pp. 25-31, 32-47) of Catalan’s 
memoir are occupied with applications of the main result of the 
second section (Hist., i. pp. 356-358) ; and what we have now to 
note is that in the course of the work a fresh form of determinant 
makes its appearance, namely, that in which the elements are 
definite integrals. 

The first example selected to illustrate the transformation is 


ih : | 22a, ce ae 


in which the summation extends to all positive values of the z’s 
subject to the condition 
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The value of the integral is known to be 


Per rg a2) a2), (4,3); 


and the new result obtained is a consequence of the fact that when, 
by means of the equations 


2 2 2 
“a oes + + - Dias = |] 
u,2?—a,? Us? — Ao? ; u,2—a,2 
1 1 1 2 1 n 
2 2 2 
a 2 ee ey 
2 py UP Ae te 2 pee ell 
Us? —- A, Ug? — Ay Us?— a," 
x,” ty Ly 
a rae = ak Abba =F sc a 
Un? — Ay Up? — Ay Un >—An , 
the variables of the integral are changed into u,, Mes es eRe 
integral itself becomes (p. 36) for the case where a, = 0, 
Gs Gras a 
OUn Oa Ou, 
R,, | ieee i 
° Gy ay 
Any Qn—» a 
2 2 : 
UU, Ua Uru, 
R,, ee Ue 
0 Ay} a, 
an; An—» a 
un Ou, Un ur" Ou, 
R,, R,- Ry 
0 An} a, i) 
where 
2 2 2 2 2 2 
Rtecs a/ (uj — ai) (u? — a2) oman (AOE ee) 
Rye /(a}—v)(u2—a?). (u;—a?_,), 
= See ee 2 ON Re 2 2 2 
Ry oad / (a wu) Lae) (a, u,)(u, —a*) ee a (u,—a@,_,). 
= 2 2) (42 2 2 2 
Ry, i J (a; vo wu (a; ia u,) bg ae" hs (@,_, =F u,,): 


If n be taken equal to 3 the result degenerates into the well-known 


theorem of Legendre’s regarding the complete elliptic integrals of 
the first and second kinds. 
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Another result is similarly obtained (p. 40) from the transformation 
of the integral 


e 2 
ee )encn oe Boalt + (2 (=*) We + () 
1 “n 


where the summation extends as before, and z is given in terms of 
the other 2’s by the equation 


b) 


2 
23 at, se ee ar eee 
w2— 


—a,? uwr—a,? 


ROBERTS, W. (1851). 


[Sur quelques propriétés des intégrales définies, déduites de la 
méthode des codrdonnées elliptiques. Journ. (de Liowville) 
de Math., xvi. pp. 1-5.] 


Roberts changes the variables of the integral 


(; i e- +y) On Oy, 
0 0 


whose value is }7, by means of the equations 


4% y e 
ao ene ee | 


22 2 
relied ahs righ 7 


lI 


and thence cbtains 


2) Cb 


Cone eure Vee Ou eeu | oe" uzou 
47eé = oo ‘ Wiic= a 
Ju —b? b2 JP— u> b Juz— Bb? » Jb? —u2 


the oe member of which would be suitably represented as a 
determinant of the second order. He then treats in similar fashion 


the integral : i 
| | | Cm EE On Oy so2, 
0 0 0 


and obtains for 37? -e~”-® a six-termed expression representable 
as a determinant of the third order; and he suggests proceeding 
further. 

Tissot’s paper of the following year (Hist., 11. pp. 461-462) seems 
to have had its origin in this note of Roberts’. 
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ENNEPER, A. (1861, 1865). 


[Zur Theorie der bestimmten Integrale. Zeitschrift f. Math. u. 
Phys., vi. pp. 289-310. ] 
[Ueber eine Determinante bestimmter Integrale. Zeitschrift f. 
Math. u. Phys., xi. pp. 69-77.] 

Of the five notes composing the first of these two papers the second 
(pp. 294-3800) concerns Catalan’s first determinant of 1839. This 
Enneper improves in neatness by reducing to the order n—1, the 
result now being 


An} Ano | 
Ou Ou Ou | 
R, R41 ca ! 
0 any a2 | 
| 
Gy} An_2 a | 
2 25, 2 
uU?0Uu wou u Ou | (Jn 
ie Res R, | = PT (In) 
0 Any a, | ; Fe 
y | 
an} An» a, | 
u—*ou uu udu 
— ba ae { 
Tus Rae Re | 
0 ay _1 a, | 
where 
Gy 2? Oy > Oy oe co Gas, 


Rota. af (at—40)ss (a)_,—u*)-(w—a?).. .(u—a_) pn, 


Pp 


and R, = J(@—v) (a — wv’) ...(@  —vv’). 


n—1 


In the third note of the same paper he makes an equal im- 
provement on Tissot’s determinant of 1852; of Catalan’s second 
determinant of 1839 he says nothing. 

His paper of 1865, however, is devoted to showing that Catalan’s 
two results are not essentially different, the first being deducible 
from the second,—a not unnatural conclusion since the two are 
viewable as generalizations of the expressions for the surface and 
volume of an ellipsoid. 
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HEINE, E. (1861). 


[Die Lame’schen Functionen verschiedener Ordnungen. Crelle’s 
Journ., lx pp. 252-303. ] 


The transformation which Heine has occasion to use (pp. 292-293) 
is from the persymmetric determinant 


Io MN TON SU fe 
RL Se en where yp, a : eee ) 
8 J(a) 
ame Nast se ee 88g 
to the multiple integral 
iF De Ee OL ree. Be) SOLNOD a. Ole 
8 JUG) -W(a) . - . (ae) 


x in the first row of the determinant having previously been 
replaced by 2, x in the second row by 2,, x in the third row by 
Zq, and so on. 


BRIOSCHI, F. (1854). 
[Sulle funzioni simmetriche delle radici di una equazione. Annali 
di sc. mat. e fis., v. pp. 422-428 ; or Opere, i. pp. 143-150.] 


At the close (p. 427) Brioschi makes the noteworthy remark that 
‘on certain conditions the determinant form is also adapted to 
represent Waring’s expressions for symmetric functions in terms 
of sums of like powers of the variables.’ Thus, the expression for 


Da%abx’, namely, 
8a8p8y + 28.+p+y — Sa+~Sy — Sp+ySa — Sy+a%p; 


is representable by the 3-line determinant |d,.%g:4,,| on condition 
that for 
Aaa» Gap Aga , Aap Apy Aya, ? 


in the ordinary expansion there be substituted 


Sa, Sa+B> Sa+B+y> 
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and similarly that in the case of |a,.4@gg4,s5| such substitutions as 


Satpty8s FOr AgpAg,Aya%ss, 
SatpSy+s [Or AagMgat,sAsy, 


be made. Nothing in the nature of proof is given. 

This remark of Brioschi’s has been sadly overlooked. In 1857 
Bellavitis, apparently unaware of it, gave an incorrect view of his 
own: in 1876 Faa di Bruno ignored it and substituted a second 
incorrect view: it was not until 1908 that Muir, seeking to put 
Bellavitis and Bruno right, rediscovered the correct result in a 
different form.* (Proceed. Edinburgh Math. Soc., xxvii. pp. 5-9.) 


CLEBSCH, A. (1861): CHRISTOFFEL, E. B. (1864). 


[Ueber eine Classe von Gleichungen, welche nur reelle Wurzeln 
besitzen. Crelle’s Journ., |xii. pp. 232-245. ] 
[Verallgemeinerung einiger Theoreme des Herrn Weierstrass. 
Crelle’s Journ., xiii. pp. 255-272.] 

These two papers deserve mention because they make use of 
determinants whose elements are complex numbers and follow up 
similar work previously referred to (Hist., ii. pp. 449-452). Their 
main interest, however, is in connection with the subject of linear 
transformation and with the study of bilinear forms whose variables 
or coefficients or both are complex quantities. 


SYLVESTER, J. J. (1863). 


[On the centre of gravity of a truncated triangular pyramid, and... . 
Philos. Magazine, xxvi. pp. 167-183; or Collected Math. 
Papers, ii. pp. 342-357. ] 


In the course of his investigation Sylvester is led to the results 


be ca «aB| = (abe—afy)?, | bed cda doB aBy| = (abed — aBy5)3, 
cers By’ cd aaB By 
by ya ab byS yda = dad aby 


bed cda Sab abe 


* In our fourth volume it will be shown that the oversight here commented on 
was pointed out by EF. 1D. Roe in 1898. 
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which he naturally views as the second and third cases of a series, 
of which the first case is 


The law of formation of the determinants is assumed to be evident, 
and no proof is given.* Two related identities, foreshadowing 
another series, are also given, namely, 


ac(b+ 8B) ca a8| = - aa(be— By) (abe - aBy), 
Ba(c+y) ca af 
yb(a+a) ya ab 

ad(be+cB+ By) cda da aBy 
Ba(cd+dy+y8s) cda daB afy 
yb(dat+aéd+6a) yéda dab aby 

| dc(ab+ba+af) cda a8 abe 


aa(bed — By8) (abed — aBy8)?2, 


where the determinants differ from the previous two in the first 
columns only.t 


SARDI, C. (1864). 
[Proprieta di un determinante. Gvornale di Mat., ii. pp. 376-380. ] 


The subject is in reality the construction of a magic square. 


* The operations 

col; X a, TOW,+a; col, xab, row,+ab; col, x abc, row, + abc; 

row, Xa, COl+a; row,xaf,col;+a8; row, x aBy, col, + aBy; 
produce determinants involving only the product of all the Italic letters, say p, 
and the product of all the Greek letters, say 7. For example, the four-line deter- 
minant becomes 
1 | 1.€. P-—T7 
1| : ie p-T 
| 
7 


3 
sposr ss te 
Sy ds} iS 4S) 


7 1. 7 ] 
+ In the case of the four-lme determinant the operation 
col, — b col, —¢ col, — d col, 
changes the first column into 
0, a(Byd - bed), ab(yd-ed), abc(é-d), 
and it is then found that the cofactors of the third and fourth of these elements 


vanish. 
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HORNER, J. (1865). 
[Notes on determinants. Quart. Journ. of Math., viii. pp. 157-162.] 


As an example of his theorem regarding the reduction of the order 
of a determinant, Horner gives 


1 670m 
\ Cc 
i gh @ Ga Sis 
e 1 c 
b——j fy an ea ya 
He | ge CA f~5 
|1 eG 
tints ergo 
ina ec 
‘ ad —b ae—c | + a-bd-cef 
= b—ad ‘ (bf —e)d 


(c—ae)f (c—Odf)e 
= (b—ad)(c—bf)(ae—c)(e—df) + abedef. 


HORNER, J. (1865). 
[Notes on determinants. Quart. Journ. of Math., viii. pp. 157-162. ] 


Instead of using { } in the symbolizing of a permanent, as Cayley 
did in 1857, Horner introduces | —_and gives the identity 


pate 2 ESE PS pe 
dy by gy d, & fi, | 
de by Cy dz e fe! 
=o fad: be yl gf ious lad? Ube eg fam aul roan cf, 
ad, be af yl, bye Cr fy au, bye, fy 
ded, Deeg Ces gly dee, Cay gl de egf 
—,|,adporbey jch . 4-\ade y bese. of ies dd, be, cf 
ad be of ad be af ad, be cf; 
Ug, dele Cafe Agd, bye, caf; agl be cof 


as an instance of a general theorem which he establishes for ex- 
pressing the product of two determinants in the form of an aggregate 
of what he calls “conterminants.’ His proof depends on the fact 
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that if each term of | ab,c, | be multiplied by the corresponding term 
of | de, f,|, then similarly, by the corresponding term of 


—|defil, |hefl, —lhel, |deil, —| det, 
the aggregate of the 36 terms thus obtained is the product desired. 
He also, without reference to Cayley (1851), gives the companion 
theorem 


PO de fj l= lad be, +c, ),|—|ad-bie,-¢.7,| +... 
hb ¢ |d, & ff, 
a, by Cy |dy & fr 
and thus is able to indicate how the product of three or more 
determinants can be expressed. 
In his illustrative examples Horner is unfortunate, the expression 
obtained for | ab,c, | being quite incorrect, and the expression for 
| a°b'c? |? being much more readily got from 


Peles Los Laas il eae mew 2th 
1G b= ¢ | than from | ay ee 
lai Be | Cec | 


HAMMOND, J. (1879). 
[Question 6001. Educ. Times, xxxii. p. 179; lu. p.338: solution by 
T. Muir, Ixv. p. 139, or Math. from Educ. Times, (2) xxii. pp. 49-50. ] 
The proposition of which proof is sought is that in the final 
expansion of the product 
(G12, + Gyo . . . + AinWn)(Gq1% + Cogte+ . . » +nly) . 
© (An + Onto + . . . +OnnXy) 
the coefficients of LR O Sate: 


are all expressible as permanents, or, as Hammond rather unhappily 
calls them, ‘alternate determinants.’ He instances the first two 


coefficients, namely, 


+ + + + 
ty ne Ree Aa oe One ae Ape eee Pah 
Ceti Meow tot inne Onur Cette pg lies 9 
Ot mc yee ads Say en Berm soars 


Ons ; : inde seta nad 
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The proposition appears not to have been established. It was 
probably brought forward on seeing Scott’s use of the functions 
in connection with alternants (see chap. v.). Muir’s so-called 
solution is really the statement of a proposition to be substituted 
for Hammond’s. 


HUNYADY, E. v. (1866). 


[Ueber ein Product zweier Determinanten. Zeitschrift f. Math. u. 
Phys., xi. pp. 359-360. ] 


The interest of this is strictly geometrical. 


CALDARERA, F. (1866). 


[Dei determinanti a matrice magica. Giornale di sci. nat. ed econ. 
(Palermo), i. pp. 173-196.] 


Evaluations such as 


te ee | - | 
Le cee te | 

| . el. 1} = (841)(@2—241) 
lume td” taueel G 

| 1 —l ‘| 


are made with great fullness of detail, the centrosymmetry being 
unobserved. 


SYLVESTER, J. J. (1867). 


[Thoughts on inverse orthogonal matrices, simultaneous sign- 
successions, . .. . Philos. Magazine, xxxiv. pp. 461-475; or 
Collected Math. Papers, ii. pp. 615-628. ] 


A determinant matrix is said by Sylvester to be ‘inversely 
orthogonal’ when its elements are inversely proportional to the 
corresponding elements of the adjugate matrix. This is the same 
as to say that the product of any element by its cofactor in the 
determinant is constant, and therefore equal to 1/n of the value of 
the determinant when the order is n. The name properly implies 
contrast with an orthogonant, as the elements of the latter are 
directly proportional to the elements of its adjugate. 
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Taking the case of a three-line determinant, he finds that the 
number of independent equations to be satisfied in the construction 
of it is 

CSC eae 

1.€. (3—1)?; 

and he concludes that in the case of n lines the number of inde- 
pendent equations is (n—1)?, and that therefore 2n —1 of the elements 
are arbitrary. This warrants him for ease in construction to make 
each element of the first row and first column equal to 1. Doing 
so in the case of the third order, he consequently seeks to determine 
a, b, c, d so as to have 


‘od oe ee | 
i ap 
1 Cc d| 


inversely orthogonal,—that is to say, so as to have 
ab—be = d(a—1) = c(1—b) = b(l—c) = a(d—1). 
These equations are equivalent to the two pairs 
ad =c = 6b and be = d= a, 
from the first of which there is obtained 


a*d? = be, 
and thence, with the help of the second, 
at = @. 


The roots 0 and 1 of this being inapplicable, and the others being 
denoted by y, y?, the two sets of values found for a, b, c, d are 
Ys yet oy 
Vee eA ven ae 


which in effect result in one and the same determinant 


Ld egal 
cary 
te gy ai 


with the constant product y?— y or /—3 and value 
ey cy) met = 8 
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Similarly, we are told, in the case of the fifth order there is 
obtained 


1h) i Sale 1“ iak 1, SIS 
1a eee e Le Re ee 
ce te Bo F or ld ee tet ea 
le eee es Vee ee | 
| lite eee. ne | Tee opie oe | : 


where e¢ is a primitive fifth root of 1, and the value of the deter- 
minant is (5°). It is added that this holds generally when the 
order-number n is a prime, the value being then 


(JI nh, 


When the order is composite, the results are not so simple, the 
variety introduced being due to the different modes of resolving n 
into factors. The case where n is 4 is dealt with in detail. 


VELTMANN, W. (1871). 


[Beitrage zur Theorie der Determinanten. Zeitschrift f. Math. u. 
Phys., xvi. pp. 516-525.] 
The third of Veltmann’s contributions is in effect the identity 


Cia Oa, Catia: te: Bee LD 

URE es et eerie Oi PL es | | 

Cae £ Ci Poets NAY na 

ie Pe n-l | = (t—a,)(a—a,) .... (z—a,). 
| 

Gl, Ug the x 1| 

DDG STRAINE, es oy 1| 


He does not note that the identity obtained by deleting the last 
row and column in the left-hand member and substituting 


L+4,+4,+...+4,_) 


for x—a,, on the right is much more interesting, being naturally 
first in order of thought, and the parent of the other by 
‘bordering.’ The case where the bordering lines cross in a 
zero is also worth noting. 
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ROSANES, J. (1872). 


[Ueber Functionen, welche ein den Functionaldeterminanten 
analoges Verhalten zeigen. Crelle’s Journ., lxxv. pp. 166-171.] 
What is here considered is a property of determinants of the form 

Cu Pw ru 
Oa? Ow oy dy? 
Ol CUNY) 
Oa? Oa Oy Oy? 
Cw Cw rw 
Oni on oy. Oy: 
where wu, v, w are binary quantics of one and the same degree. Such 

a determinant Rosanes writes in the form 

ye tre Ie 

eins 

a a 

the functions undergoing differentiation being f{, f2, f,, and the 

independent variables z,, x. His theorem may be formulated thus: 

If f,, £,, f,, £, be binary m-thics; ¢,, $2, $3, , be the four 

R’s formable from the f’s, namely, —R(f,, f;, £,), R(f, f,, £4), 

—R(f,, f,, £,), R(£,, fe, £5); Wir Wa Wa. Wy be formed from the ¢’s 

as the ¢’s from the f’s: then the W's are proportional to the fs, 

the common ratio beeng 
— 8m (m—1)?(m—2)-°(8m—7)? { R (fj, fy, fi, £4) } 

The mode of proof, though effective, is neither as short nor as 
direct as one could wish. Two new magnitudes y;, y,, independent 
of the two a’s, are introduced ; and the consideration of the array 
yak 4 ae ee 
tA: ia iP ise 
Wg te Mente 
whose principal minors are the ¢’s, is replaced by the consideration 
of the array | had He TH ich 
10, fe of oft 
Oxf; Sofe Safe Safe 


where ds of of = 
6f = 1 Be, af 2.35, and 6,f = 6(éf). 


or, say, R(u, v, w), 


> 


> 
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The replacement is justified by the fact that the first array when 
multiplied columnwise by | ay, |? in the form 


a,” LY, Y, 
20%, VYgtAyY, 2: Ye 
| 2? ToYo Ys 


gives a multiple of the second array by m(m—1)2. A consequence 
of this, however, is that there is necessitated the use of properties 
of the d-operator, for example, 

d(uv) = udv+v ou, 


) | LYo | 0, 
b| UyUQW3| = | du, dug dts 
jeadre (Uso Us 


| Wy We Ws 


+ | U;, U, Us 
6U, OU, ds 
UM ee We 


V1, Ve Vg 
dw, dW, dw, 


and the use of another transforming identity, namely, 


fark ire: SRC ea pee Jods Senate 
Jost theme Jo aad oe ‘ Of, of Of of, 
lav = pes m (m— 1)?(m— 2), 
ie hie ey ites [mye | Oxf, Ooty Osfs Sots 
Fics Jon der a Ost; Oso Osfs Os Fs 
or, say, 
ORE2FS 3 
R(f, Se» Fs I): [ry |° = G 23 a -m (m—1)?(m— 2), 


which is established by taking the multiplier |2,, |° in the form 
a,* a,°Y) ay) yy? 

Bary", DP Yo+2a,ay, Yay + 2YYor, = 3Y°Ye 

BQyhy? PY, +2, Yo Yo? +2y Yok. BY,Y" 
a,° "Yo Wyo” Yo" 

as was shown by Schlaifli (1851) to be permissible (Hist, ii. pp. 52-53). 


With this preliminary explanation we shall employ Rosanes’ 
method to find the ratio of y, to f,. 


The W’s being derived from the ¢’s as the ¢’s from the f’s, and the 
degree of the ¢’s being 3(m—2), we have by the initial transformation 


2 


| Myo [P-y, = —3(m—2)(3m—7)?- ae) 3 ps 
op, dd, dd, 
op, Oops dod, |. 
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The next step, naturally, is to express each element of the determinant 
on the right in terms of the f’s. For any element in the first row 
there is no difficulty, the transformation just mentioned giving us 
what we require ; and two operations with 6 will give the substitu- 
tions for the corresponding elements in the otherrows. Forexample, 


2 
| 21,4 |? + de = m(m—1)?- yh Up Lif = m(m—1)°(Fa4)) 
Of fie Of: 
Of, oof Oat 
013 
| HY, |? dp, = m(m—1)? (qa4): 


| 2,42 |? -d,6. = m(m—1)? ‘kay 5 Gaal: 


The result of the full substitution thus is 


paita= —sim-avtmnotntn-iri| (28) (88) (08 
ed tole) at 


023\ , (014 023) _/014\ (023), /014 
(OMe se Gl easy 
where the determinant on the right is partitionable into two determi- 
nants, the first of which is equal to a principal minor of the adjugate 


f Cal and thus will be found equal to 


1234 Fra 
fy Goa) 


and the second of which vanishes.* Thus far, therefore, we have 


lays? on = — 3m¥(m —1)8(m—2)(3m—T)?f,* (Ta34) 


* Because, if we multiply 


f. 2 f 3 i 4 
df2 fs fs 
is flier DD 
rowwise by it, we shall obtain a determinant with two rows proportional. More 

generally, 


| |@1b3ea!| *|@ybod,| |b 2¢5|| = 0, 
where the left-hand member is our extensional of | |Osca| * |bod,| - |b aes] |, and this 
last is such that 6, col, — 6, colz+6,col; = 0. 
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But from the second transforming identity we obtain by squaring 


0123)? 

|71y2|7? ° {Ri fis Sa fa» fa) )}* eT 2(m— 1/4 (m—2)§ Z (ea 7 
Consequently, by division 

A ee ee ee —1)?(m—2)5(3m—7)?  f, 

(Richa al ak ii) ae eee 


as desired. 

It should be noted that the determinant here which Rosanes 
would associate with the Jacobian is shown two years later by 
Pasch to be in a certain case closely related to the Wronskian. 
(See chap. viii.) 


DOSTOR, G. (1874). 


[Propriété des déterminants. Archiv d. Math. u. Phys., lvi. 
pp. 238-240. ] 
The two pages used here are occupied with the formal establish- 
ment and illustration of the so-called theorem of which 
a @ aa | 
—a a b 


: —a-—a a Fh 


(2a) 
—a—a-aa | 
is an example. It is manifestly a simple case of the equality 
% GW Gy %& 
—% bb % 2% 
oa Og = Ga. Cats 
—% —d, —a3 dy 
In republishing it the same year in his text-book (pp. 45-46) he 
follows it up with another theorem of which 


= 4 (4,+b,)(43 + 3)(@g+ d,). 


Gd Ag a : 1 1 1 

bo bg by} _ 1 1 agQy*bg* Cd, ayQ,°b,+e,d, aya, +d, c,d, 
Cy Cy Oy | ayy yy] 1 gay + cy +D,d, yy Cy Did, ayy + 6,» B,dy 
d, d, d, 1 ady+dy+bic, aQ,+d,+b,c, aydg-d, > b,c 


is an example (cf. Hist., ii. p. 147). 
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CAYLEY, A. (1874). 
[Note sur uneformule d’intégration indéfinie. Comptes Rendus.. . 
Acad. des Sci. (Paris), Ixxviii. pp. 1624-1629; or Collected 
Math. Papers, ix. pp. 500-503. ] 
The peculiar structure of the interesting determinant which 
turns up here is best made known by giving the examples 


1 mp—nq 1 (m—1)p—nq 1 
F m(p?+-p9q) |, 2g (m—1)(p?+pq) (m+1)p—(n—1)q 
gq mp" +-pq) 
1 (m—2)p—nq 1 ; 
3q  (m—2)(p?+pq) mp—(n—1)q 2 
3q° (m—1)(p?+ pq) (m+2)p—(n—2)q 
q . m(p*+ pq) 
1 (m-3)p-—n7q 1 : 
4q (m—3)(p?+pq) (m—1)p—(n-1)g 2 
6¢° . (m—2)(p?+pq)  (m+1)p—(n-2)g 3 
49° . (m—1)(p?+pq)  (m+3)p—(n - 3)9 
qt . . m( p” + pq) 


These are stated to be equal to the expressions 
mp>+ng?, —.m(m—1)p* + 2mnpeg® + n(n—1)¢", 
m(m—1)(m—2)p® + 3m(m—1)nptg? + 3m(n—1)np?q* 
+ n(n—1)(n—2)¢°, 
m(m—1)(m—2)(m—3)p® + 4m(m—1)(m—2)np*q? + .. 
+ n(n—1)(n—2)(n—3)48, 
which again are denoted by 
([m]p?+[n]q?)*, ([m]p?+[r]q?)*, (Lm]p?+[rlg*)® --- +> 
on the understanding that 
[my = m(m—1)(m—2).... (m—r-+]). 


Although in each determinant the complementary minors of the 
elements of the first column are calculated, it is not clear that this 


was how the results were obtained. 
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GUNTHER, §. (1874): GLAISHER, J. W. L. (1874): 
SERDOBINSKY, V. E. (1877). 


[Zur mathematischen Theorie des Schachbretts. Archiv d. Math. 
u. Phys., lvi. pp. 281-292. ] 


[On the problem of the eight queens. Philos. Magazine, (4) xlviii. 


pp. 457-467. ] 
[Note on determinants: a chessboard problem (In Russian). Mat. 
Sbornik . . . . (Moscow), x. (1), pp. 74-86.] 


The problem here dealt with is to find the number of ways in which 
eight queens can be disposed on an ordinary chessboard, so that 
no one of them may be seizable by any other. Giinther, after 
giving an interesting historical sketch of the problem—a sketch 
in which Gauss is the prominent figure—points out that the problem 
may be generalized, the queens becoming n in number with a 
corresponding change in the board, and that there is an exactly 
equivalent problem in determinants, namely, to find the number 
of terms in 

UY & es ga ks 
by As Cy C5 Ge 
ds by Gy & @ 
fa ds bg Gy 
hs fe d, bs Qy |, 


subject to the condition that no term shall contain the same letter 
or the same suffix more than once. The reason for this is that if a 
queen be in the (r, s)"" place, her ‘castle ’-like moves require that 
no other queen shall be in the r** row or in the st column, and her 
‘ bishop ’-like moves require that no other queen shall be in the 
same diagonal with her. It is the last requirement that suggests 
the marking of each diagonal of the one set with a special letter and 
each diagonal of the other by a special suffix. By actual expansion 
of the determinants Giinther finds that in the case where nis 4 the 
number of dispositions is 2, namely, those corresponding to the terms 


CoC 5A 3bg, bod 5€3Ce, 


and that in the case where n is 5 the number is 10. 
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Glaisher, profiting by Giinther’s initiative and skilfully economizing 
labour, pushes the investigation forward and finds the numbers 
4, 40, 92 
for the cases where n is 6, 7, 8, his result in the last of these cases 
agreeing with that which Gauss had finally reached after two or 
three trials.* 
Serdobinsky in his procedure does not really use determinants. 


GUNTHER, 8. (1875). 


[Auflésung eines besonderen Systemes linearer Gleichungen. Archiv 
d. Math. u. Phys., lvii. pp. 240-254. ] 


The system in question is that in which the determinant of the 
2n unknowns is of the form 


a b b a 
c d@ —d —c 
e f te e 
g h —h mga 


—that is to say, has a,, = (—1)’-14,,,-,4:. So far as our subject 
is concerned, all that is effected is the resolution of the determinant 
into two of the n order: for example, the four-line determinant 


just given is equal to | 
22 -1a@b cd 
ef| |gh 


In the application to the axisymmetric case where 


Hise Seo 


2n+1’ 
the stage reached falls short of Hunyady’s of 1872 (p. 104 above). 


a, = sin 


SPOTTISWOODE, W. (1872). 


[On determinants of alternate numbers. Proceed. London Math. 
Soc., vi. pp. 100-112. ] 


What is here meant by a determinant of alternate or alternating 


* See Bellavitis in Atte del R. Istituto veneto, (5) iii. (1876-77), pp. 186-187. 
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numbers is a determinant in which the elements are such that the 
product of any one by itself is zero and the product of any one by 
another changes sign when a change is made in the order of the 
factors. It is also implied—and some such implication is readily 
seen to be necessary—that in the formation of the terms of the 
determinant the elements are to be taken from the rows in order. 
There is no longer any idea of the numbers in question forming a 
set: and as this idea is involved in the use made of such numbers 
to resolve an ordinary general determinant into linear factors 
(Hist., ii. pp. 27-30, 43-46, . . .) it is as well to keep the two usages 
apart,—a precaution which Spottiswoode does not observe. 

The first proposition noted is that af in the formation of the terms 
the elements be taken from the columns in order, the signs are all 
positive ; for example, 


L Armas | = Ayoavy—AyMglet - - 
—- Ay Mavs bAyVoés + cae" 


The next is that the interchange of two consecutive rows makes no change 
m the value of the deterrvinant, but that the interchange of two con- 
secutive columns alters its sign, and that therefore if two columns be 
adentical the determinant vanishes. The validity of the so-called 
addition-law of ordinary determinants is also noted. 

On the other hand, nothing is said about the effect of multiplying 
a row, for example, the obtaining of 


AA, Asdy] from | AjMgvs | 


by multiplying by A, ; nor about the increase of arow by a multiple 
of another row. Laplace’s expansion-theorem is also passed by, 
although it could not be for the same reason. 


Considerable space (pp. 103-107) is devoted to the subject of 
multiplication. He first expands 


[Amel *|pig2| amd | Aypy+Aspy Ayoy+Agoy 
MyPi Tt Moz MyFy+Moy |; 


and finds that, if he takes both terms of the latter to be positive, 
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the one expansion differs only in sign from the other. Using the 
later notation of permanents, we may thus say that his result is 


~ + 
[Aye] *lpyo2] = — AyprtAcpe Ayo, tAgee 
My Pit Mop, MyF Tr MgF | - 
He then proceeds to examine farther, and affirms, but realiy without 
sufficient proof, that the result holds generally. When he advances 
to the consideration of powers, many simplifications of course occur ; 
in fact, it is only then that one of the halves of the property of 
alternating numbers comes into play. Here his first assertion is 
that the second power is skew and zero-axial; for example, 


+ + 
[Awel? = —| - ZA | 
Dur 
= (Amy trgte)? 
= — 2D Aj py Me 3 
+ * 
[A uevg |? = — ZAu DA 
— ru : Duy 
— rv —Lpy 


= 0; 


and soon. The third example, however, is of doubtful accuracy. 

At this stage the convention is made that the elements of each 
row of the given determinant form a set, the alteration being that 
henceforward we have 


es Os Ee nee Renee 


but it being still held that A,u; = —jesA,, just as if the d’s and u’s 
belonged to the same set. 

Compound determinants are next dealt with (pp. 107-110), and 
finally certain simplifiable products such as 

[Ate] * |Mavel * [Aral 

The paper, which embodies at intervals results taken from notes 
by Clifford, is lacking in thoroughness. It is supplemented in the 
concluding paragraph of a paper of Scott’s on cubic determinants 
in Proceed. London Math. Soc., xi. pp. 17-29. 


Nt 
1 
1 
i 
1 


1 
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HUGEL, T. (1876): STUDNICKA, F. J. (1876). 


[Das Problem der magischen Syste 


me. 48 pp. Neustadt.] 


[Ueber das Verhaltniss der magischen Quadrate zur Determinanten- 


Theorie. Sztzungsb. . . . Ges. 


d. Wiss. (Prag), pp. 269-271. ] 


The main fact noted by Studnicka is the vanishing of all determi- 
nants of the order 16n?, whose elements are identical with those of 


magic squares constructed in acco 


rdance with the so-called second 


rule of Moschopoulos. For example, the operations 


col,—col,, 
show that 


col,—col, 


at+l B-1 B-2 a+4 
B—4 a+6 ati7 B-T 


a+8) 6=—6) Pen aes 


8-3 at+3 at2 6B 


where the elements of the determinant are those of a magic square 


with the common sum 2(a+8-+1). 


As for Hugel it suffices to note that in the course of his investiga- 
tions he makes effective enough use of determinants, so-called and 


actual. 


MUIR, T. (1877). 


[Note on determinant expressions for the sum of a harmonical 


progression. Proceed. R. Soc. 
The expression obtained for 


1 1 1 
aa 


Edinburgh, ix. pp. 361-363. ] 


1 


a a+b us a+2b a ea a+(n—1)b 


18 


si SSN my) Soe A 


na —2b —3b —4b 
(n—l)a a —3b —4b 
(n—2)a a a —4b 
(n—3)a a a a 

2a a a a 


—b 
—(n—1)b 
—(n—1)b 
—(n—1)b| + a(a+b)... (¢+n—Ilb 
—(n—1)b 


a 
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MUIR, T. (1877, 1881). 
[On Professor Tait’s problem of arrangement. Proceed. R. Soc. 
Edinburgh, ix. pp. 382-387. ] 
[Additional note on a problem of arrangement. Proceed. R. Soc. 
Edinburgh, xi. pp. 187-190.] 


The problem, which arose in the investigation of the theory of 
knots, is to find the number of possible arrangements of things, 
subject to the condition that the first is not to be in the last or first 
place, the second not in the first or second place, the third not in 
the second or third place, and soon. Muir shows that it is the same 
as to find the number U,, of terms in the final expansion of an n-line 
determinant having zeros in the last and first places of the first row, 
the first and second places of the second row, the second and third 
places of the third row, and so on: and viewing it thus he succeeds 
in proving that 

U,, = (n—2)U,_,+ (2n—4)U,_. + (8n—6)U,,_; 
etn lO)U (on 14) 0, 
+ (6n—20)U »_5 + (7n—26)U,,_, 


and consequently that 

Teale, 00, 019, 4738, 
are the values of 

aU eet et 6 eel ls, 


In his second paper he reaches the much simpler recurrence- 
formula 


4 
eee Ue, 


which is also interesting as implying that 
2U,,4(—1)"4 
is a multiple of n. 
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STUDNICKA, F. J. (1878). 


[Poznamka k nauce o determinantech. Casopis pro pestovdni math. 
a fys., vu. pp. 31-33.] 


This paper is not quite in keeping with its title, the subject being 
the expression for double the area of a triangle whose vertices are 
(21, Y1), (a, Ye), (%3, Ys). (There are similar papers in Casopis, ii. 
pp. 69-82, etc.) 

PAIGE, C. LE (1878). 


[Sur une transformation de déterminants. Nowv. Corresp. Math., 
iv. pp. 79-82. ] 


This is the transformation of Y into (a’—a)Y already familiar 
from Cayley (1858) when dealing with the geometric theories of 
involution and homography. (Hist., ii. pp. 453-455.)* 


PRATT, O. (1878). 
[Problem 231. Analyst, v. p. 190; vi. p. 25.] 
The assertion here made is in effect that if 
p(x) = 32(e—1)m — x(a—2), 


the determinant 


(1) Br et, 
o(n+1) » sts O(2n) 
o(n*—n+1) .... “ b(n?) 


vanishes for all values of nm above 3. The reason is that 
p(x) — 26(x—1) + g(a—2) = m—2. 


*We might have noted somewhat earlier a distantly related identity dealt with 
by J. J. Walker in Proceed. London Math. Soc., iv. p- 413. Cayley’s result is 


1 a+a’ aa’ 
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SCOTT, R. F. (1879): (ANON.) (1879). 


{On some symmetrical forms of determinants. Messenger of Math., 
viii. pp. 131-138.] 
In § 5 Scott gives the result 


My Gs @ ....| = (—1)"-"{b,a,0,0,... G, 
De atG ce eT. + b,b,4,0,.. . Gn 
ie iby tiles waar eee + b,bab,a, . . . Gy 
b, b, bs a1 Pane Ba a ee 
wae 13:030,0;0,. 00s Onlida\s 


where the determinant is zero-axial in form and unisignant in 
development. He also notes 


Gq @ eno) 
b J Om 1 
ie ort amis) 
Speaks daguer? arid: : el i 
Le EA ie ee BS ‘ 
SNES Pts | 
where f(x) = (q—2)(@—z) . . . (¢,—7). 
In the Cambridge Univ. Exam. Papers, viii. p. 228, there appears 
the determinant which has a, 6, c,d, . . . for its first row, a, @,a,a,... 


for its first column, and any one of its other elements, (r, s) say, 
such that 


(r, 8) = (r—1, s)+(r7—1, s—1)+.. . +(7—1, 1). 


Its value is a”. It is essentially the same as Caldarera’s of 1871. 


SCOTT, R. F. (1879). 
[Notes on determinants. Messenger of Math., viii. pp. 182-187.] 


In § 8 Scott affirms that «f there are two n-row arrays 


Creare as a, Ay 
ope A See ek B, Be 
ol A, Ag 


and 
dix = (A, —ay)'-+(bp—y)? +... +(n—Ax)’s 
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then 
dancin ema 
<0. «ss Gi youeeenl eee OLD when. me Of — iyo. 
Re Ba tae Bes oe Ca 

and 
di, di. 1 | 
a’ a he 0, when s = n(r—1)+42. 
1 1 


No proof is given, but doubtless the results were reached by a 
natural extension of Cayley’s procedure of 1841 and Sylvester’s of 
1852, a procedure which shows that in the one case s only needs to 
be greater than n(r—1)+2 and in the other > n(r—1)+1. For 
example, when n = 2 and r = 3 the typical element 


(a—a)?+(b—6)* 
would be expressed as the product of the two rows 
a a b b 1 ae +58, 
—3a 3a —388 36? o°+63 Lees 


and the determinant of the first result would thus be seen to be the 
product of the two arrays 


G9 Gia 0, Lae —8a, 3a,?7 —58, 382 a+? 
a” a, 6? b 1 a8-+68 —8a, 3a,” —36, 36, a’+8,3 
Oi Oz, 02 bs 1 ag+ b8 ) —3a; 3a, — 38; 38," a? te Be 


and therefore to be equal to 0, if s were greater than the number of 
columns, namely, 2(3—1)+1+1. By affixing to the first array 
the additional row 

Oe. Os One 0s cast 


and to the second array the additional row 
0. O00 sia) 
the second result would be quite similarly obtained. 


LESS COMMON SPECIAL FORMS (SCOTT, 1879) 495 


The author’s remark, that “these two theorems include most of 
the determinant relations in geometry,” surpasses Gundelfinger’s 
of 1873. It would be less of an overstatement if all the lower 
values of s had not been excluded and if a slightly more general 
form of dj, had been taken. Readers interested in such applications 
would do well to consult the chapter on the subject in Scott’s text- 
book published a year later (chap. xiv. pp. 180-212), and especially 
the last seventeen pages. 

In the said text-book Scott notes (p. 216) three special deter- 
minants with elements constructed from |a,,|, namely, 

Bre = (Qn +mg+ ... +Grn)— Ars, 
URL = (Qn + Ore+ Om C +Orn)—2Grs, 
Ors = |yn| with a. in it increased by a, 


the evaluations being when amended 
Bint = (—1)-* (r= 1) <| a, 5), 
| Yin | a (=22)"4 ; (n—2) ; | Gin F 
| Gin] = 27-1+| Ay, | -(@+2aye). 
The second is Dostor’s of 1879. (See above p. 77.) 


WALKER, J. J. (1879). 


[Question 6025. Hduc. Times, xxxii. pp. 205, 268; or Math. from 
Educ. Times, xxxii. p. 49.] 


The question concerns the establishment of the identity 


Le) a—b 2r—1 22Qy—1 (a—b)(2z—1 
a ay a(l1—b)z| = x ay a(1—b)z 
b(l=x)-1—y (a—1)bz b(2—1l) yl (a—1)bz > 


a matter which is of more interest than might at first sight appear. 
We may note that the common value is 


—xy(a—b)(1—ab) + yz(ab—2b+1)a + za(ab—2a+1)b 
+ a(a—b) — y(a—b)ab — 2(1—6)?a. 
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STUDNICKA, F. J. (1880). 


[Ueber eine neue Determinanteneigenschaft. Sitzwngsb. . . . Ges. 
d. Wiss. (Prag), pp. 50-54. ] 


The ‘new property’ here is a suitable companion for Dostor’s 
of 1874, the difference merely being that the evaluation is now 
accomplished by subtracting the first row from each of the others 
instead of adding. It is the simple case of the equality 


As | 
as 
As| = (a,—),)(4,—by)(43—b3)(@g—g) as, 
as 
as 


where the b’s are each —1 and all the other elements +1. 
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PREFACE. 


Wits the issue of this volume, dealing with the period 1880-1900, 
my effort to present a historical account of the Theory of Deter- 
minants up to the close of the nineteenth century comes to an end. 
May it give to present and future students all the help which some 
such book would certainly have given to me half a century ago. 

The work connected with the preparation of the volume has been 
more than ordinarily onerous. Considerably over 800 writings of 
one kind and another have had to be dealt with, that is to say, 
about a half more than in the case of the third volume. In view 
of the fact that each volume deals with a twenty-year period, the 
increase thus indicated in the attention given to the study of deter- 
minants is most striking, even when one makes allowance for the 
considerably increased facilities for publication during the latter 
period. 

On first thoughts the bulk of the fourth volume ought, therefore, 
to be about a half more than that of the third ; but then we have 
to reflect that the increased number of students and the increased 
facilities referred to are not accompanied by the like increase of 
original matter. It is only that workers rush into print a little 
more hastily than formerly, and that scientific societies and editors 
do not always scrupulously exert themselves to withstand the rush,— 
a state of matters that after all may be well-ordered in the interest 
of instruction and the spread of knowledge. Be this as it may, it 
is an undoubted fact that the number of writings which the 


vi PREFACE 


chronicler of scientific progress can without unkindness dismiss in 
a sentence grows apace. All that can be fairly expected of him is 
to try his hardest to be just in his judgments, and, in the interest 
of his readers, to guard against hurtful condensation. 

The bibliographical basis of the work, as is probably now well 
known among students of the subject, is the six Lists of Writings 
published in the Quarterly Journal of Mathematics at intervals from 
1881 to 1916. A seventh List was added in 1920.* Since in the 
compiling of every one of these lists after 1900 writings belonging 
to the preceding century continued to be carefully sought for, it is 
hoped that little matter of any serious importance has been passed 
over that was needed for the History. 

Although the number of chapters is the same as in the third 
volume, the distribution of subjects is somewhat different. ‘ Text- 
books’ have been separated from other writings on general deter- 
minants and given a chapter to themselves. The presence of a 
second new chapter is due to the inclusion of a new subject ‘ Deter- 
minants having Invariant-factors.’ On the other hand, there is no 
longer a chapter on ‘ Zero-axial determinants’ nor on ‘ Deter- 
minants of Combinatory Numbers.’ The writings on these subjects 
having greatly fallen off in number and importance, the few of them 
calling for some slight attention have been included in the chapter 
on ‘ Less common special forms.’ 

Of the contents of the volume only an exceedingly small fraction 


has seen the light before, namely, a portion of the chapter (xvi.) on 
Circulants. tT 


RONDEBOSCH, SOUTH AFRICA, 
6th April, 1922. 


* Quart. Journ. of Math., xlix. pp. 51-73. 
t Proc. R. Soc. Edinburgh, xxxvi. (1915) pp. 151-173. 


DETERMINANTS IN GENERAL, FROM 1880 To 1900 


PIcQUET, 
SyLVEsTER, J. J. 
Hammonp, J. 
LInDELOF, L. 
Paigr, C. LE 
Lanpre, C. I. 
AMovpaniaN,, 1, (er 
Weyr, Ep. 
IPATG HSE Cerise 
TEIXEIRA, F. G. 
Igzet, B. 
Henry, C. 
Murr, T. 
Perry, H. M. 
Kronecker, L. 
LAQUIERE, E. 
PELLET, E. 
Murr, T. 

Moir, T. 
Deruyts, J. 
KRONECKER, L. 
SYLVESTER, J. J. 
(Doyo, Jel, Ae 
Van VELZER, C. A. 
Muir, T. 
Deruyts, J. 
SyLvESTER, J. J. 
Bonouts, A. 
Davis, E. W. 
ANTONELLI, G. B. 


CONTENTS. 


CHAPTER I. 


(1880) 
(1880) 
(1881) 
(1880) 
(1880) 
(1880) 
(1880) 
(1880) 
(1881) 
(1881) 
(1880) 
(1881) 
(1881) 
(1881) 
(1881) 
(1881) 
(1881) 
(1881) 
(1881) 
(1881) 
(1882) 
(1882) 
(1882) 
(1882) 
(1882) 
(1882) 
(1882, 
(1882) 
(1882) 
(1883) 


-3) 


—> —"” 
Or 


Sa 
pet 
bo 


vill 


Kapteyn, W. 
SYLVESTER, J. J. 
Murr, T. 
WALECKI, 
Fark, M. 
Misray, Cu. 
Muir, T. 
Kronecker, L. 
BRuNEL, G. 
Derruyts, J. 
Caucny, A. L. 
HumBERT, EH. 
Hoprrg, R. 
Muir, T. 

Muir, T. 
HamBurcer, M. 
Mertens, F. 
Muir, T. 
VANECEK, M. N. 
West, FE. 

Muir, T. 
WELTZIEN, C. 
BaAGNERA, G. 
Lorta, G. 
Rapos, G. 
Murr, T. 
Nerkrassorr, P. 
HArEBLER, T. 
Gings, J. W. 
Fouret, G. 
Presir, A. DE 
POUJADE, 
DESPLANQUES, 
Stupnicka, F. J. 
Muir, T. 

Muir, T. 


VANDERMONDE, N. 


MoucueE., J. 
Ranusen, A. E. 
StupnicKa, F. J. 


CONTENTS 


(1885, -90) 
(1885) 
(1886) 
1886) 
1886-89) 
1886) 


18 
1886 
1886 
1888 


(or) 
{ED SD Se ee Se 


1886) 
1887) 
1887) 
1887) 
1887) 
1888) 
1888) 
1888) 
1888) 
(1888) 


( 

( 

( 

( 

( 

( 

( 

( 

( 

( : 
(1886, -87) 
( 

( 

( 

( 

( 

( 

( 

( 

( 


37-40 


40-41 


CONTENTS 


Morr, T. (1888). : ; . pp. 41-42 
HERMITE, C. (1889). : : : 42 
Hewset, K. (1889) |. : : : 42 
Morr, T. (1889). ; : : 43 
KRoneEcKER, L. (1889). ; : 43 
Caspary, F. (1889) . , : : 43 
Fiske, T. S. (1889) 43-44 
Pomery, E. (1890). AA 
Tissot, A. (1830) 3 

Murr, T. (1890) 45 
KRONECKER, L. 1890)" ~. : : 45 
Horta, F. pa P. (1890) _ . é é : 45-46 
KRONECKER, L. (1690) = ; : : 

Netto, EH. (189) ae : : ; ee 
Prance, A. J. N. (1890) 47 
Murr, T. (1891) 47-48 
CaRVALLO, EK. (1891) \ 48 
NIEMOLLER, F. (1891) 

GRASSMANN, R. (1891) 48 
GeRHARDT, K. I. (1891) . ; : : 48-49 
Iezx, B. ([392)) . : : ; \ 49 
Escuericu, G. v. (1892) . : : ea | 
Dittmar, O. (1892) . : : 50 
DickstEIn, 8. (1892) : ; . : 50 
Derrvyts, J. mGeo2)~ ; ' : 50 
Moir, T. (1892) . : , ak | 
Cayuey, A. (1894)... ners. © eo 
KRETKOWSKI, W. (1892) . } : il 52 
Prime, F. (1893). ; ; ay | 
WELTZIEN, C. (1892). ; : ; 52 
Mitter, E. (1893) . ; ‘ : 53 
Bane, A. 8. (L893). : } ; 53 
Autmerpa, L. C. (1893) 3 3 : ia 
Terxems, J.P. (1893) woos. 1 | 208 
Lizrs, EH. (1893) f ; : 54 
MacManon, P. A. (1893) . : ; : 54 
Vauten, K. T. (1893). ; j ; 55-56 
ZANTSCHEWSKY, I. M. (1894) é ; : 57 
FROBENIUS, G. (1894). ; P ; 5T 


Mortey, F. (1894). : : : 57 


1x 


CONTENTS 


Hurwitz, A. (1894). : - pp. cee 
Murr, T. (1894). : : ; 58-59 
Muir, T. (1894) 
NEUBERG, J. (1899). ; : : \ girott 
Netto, E. (1894) . : : : 60 
Fenr, H. (1895). : ; ‘ 61 
AHRENS, W. (1895, -97) . : : 61 
Murr, T. (1895) . : é “ 61-62 
SterNeEcK, R. D. v. (1895) 62 
JENKINS, M. (1895) | 62 
Davis, KE. W. (1897) «- SA), oh ‘ 
Amiaugs, EK. (1895) . : : : 62-63 
Jacosi, C. G. J. (1896) ii 63 
STACKEL, P (1896) J 
Gascé, L. G. (1896) | 63 
GuIMARAEs, R. (Loo) ee | 
Pascat, E. (1896). 63 
Pascat, E. (1896). 63 
Scuicut, F. (1896). i] 64 
Branp, EK. (1896). | 
Derrvyts, J. (1896). 64 
Bonouts, A. (1896) = 64 
Wika, 40 (1896). 64-65 
WELTZIEN, (©. (So tee 65-66 
Nanson, E. J. (LSSt\ 66 
Hatuaway, A. 8. (1897) . 66 
TRAVERSO, N. SAY 67 
Muirueap, R. F. (1897). | 
Ave (1897). oe 
Murr, T. (1898). 67-68 
Merzier, W. H. (1898) . 69 
ANISSIMOFF, W. (1898) . 69 
Traverso, N. (395) ae 69-70 
SrupnicKa, F. J. (1898, -99) ; 70 
Srupnioka, F. J. (1898). : : : 70-71 
Srupniéka, F. J. (1898) vil) 
Massie, L. (1898) . 
Brrae, I. B. (1898). l 71 
Harzipakis, J. N. (1898) 

( 


Wae scn, FE. 1598) : . j Te75 


CONTENTS xl 


PAGES 


STEPHANOS, C. (1893). 3 . Sue re 
Nanson, E. J. (1898, -99) . , 72 
Morr, T. (1899). ; ; 72-713 
Mutter, E. (1899). ; : . 73 
Lercu, M. (1899). ; ‘ : 73 
StupnicKa, F. J. (1899) . ; 73 
STerHANos, C. (E00) ee eee x 74 
Morr, T. (1899) 74-75 
Lovett, E. O. (1So9} ; F ; 15 
Bgs, K. (1899) ~~ : : : 75-76 
Nanson, E. J. (1900) 76 
CHAPTER II. 
TEXT-BOOKS, FROM 1880 To 1900 E , ? ; i 77-96 


Horrmann, J.C. V. (1880-82) 


Direkmann, J. (1880-82) 

ERLER, (1880-82) 

Barvey, H. (1880-82) pp. 77-78 
GERLACH, (1880-82) 

Dortscu, G. (1880) 

JENRICH, P. (1882) : : 

Carpenas, A. Ruiz pe (1878). ; : | 
Frascara, G. A. .(1880) . : 5 : 78 
Hoppe, R. (1880) . ; , : J 
Kuremet, D. A. (1880). : ‘ : 78 
Scott, R. F. (1880) “78-19 
Hesse, O. (1880) 

Mansion, P. (1880). : J ; | 79 
Battzer, R. (LSS) 3 : ; : | 
Bruno, F. Fad pit (1881) . } ; : 

GROLL, R. (1881) | 80 
Kaiser, H. (ise2\> ee ro” 6] 
BurnsipE, W. 8. and... (1881). i ' 80 
Tomson, W. (1881) 80 
Murr, T. (1881) 80-81 
SuarEz, A. y... (1882) \ 39 
BACKS D: yru. (1883) 

SHAPOSHNIKOFF, — . (1882) 82 


x 


Mansion, P. 
Dostor, G. 
Kerpr, G. 
KROBER, 
Bunkorer, W. 
VALENTA, J. 
LEBOULLEUX, L. 


ALBUQUERQUE, J. A. 
SCHRADER, 
REUSCHLE, C. 
Kaiser, H. 
Satmon, G. 
SICKENBERGER, A. 
TARTINVILLE, A. 
Gorpan, P. 
Carr, G. S. 
Hacen, J. G. 
Youne, T. E. 
JANNI, V. 

Dope, H. 
Hatrenporr, K. 
SICKENBERGER, A. 
Capea, A..@ . 5). 
Hanus, P. H. 
Peck, W. G. 
SCHRADER, W. 
ScHEIBNER, W. 
AMoRETTI, F.y ... 
Newman, F. W. 
Horta, F. P. 


Wentworth, G. A. 


Powet, A. 
DIEKMANN, J. 


Prapo, G. FERNANDEZ DE (1890, 1902) 


Kneser, A. 
Lucas, E. 
Carnoy, J. 
MILLER, G. A. 
WELD, L. G. 


CONTENTS 


(1882, -83, -86) . 

(ssa). eae PRRs 

(1883) 

(1883) 33 

(1883) 

(1883) 

(1880, -84) 83-84 

( 84 

(1884) 

(1884) 84 

(1884) 

(1885) 

(1885) 84-85 

(1885). 

(1885, -86) } oe 

(1885) . MOBE- 86 

(1886) ; } a6 

(1891) ; 

(1886) 

(1886) | 

(1887) ; 86 

(1887) | 

(1887) 

(1886) 87 

(1886) 

(1887) } st 

(1886) 88-89 

(1887) 89 

(1888) 89 

(1888) 90 

(1889) 90 

ete. (1889) 90 

(1888). “Sia 

(1889) ia, ee \ zu 
91 

(1891) 91 

(1891) 91 

(1892) 91 

(1892) | 3 

(1893) fie mee: 


CONTENTS xill 


PAGES 


WEICHOLD, G. (1893) SDD NEE Oe 
KorczynskI, J. (1892) . 

Ort, A. (1893) 2 93 
Dotp, H. (1893),— . 

GARBIERI, G. (1893) 93 
CrsAro, E. (1894). : : ; 93 
Weser, H. (1895, -98, -98) . ; 

Nerrto, EK. (1896, 1900) . : jo 
We Lp, L. G. (1896) 

CAPELLI, A. (1895, ~98) . : 94. 
Pascat, EH. (L807) : : 94 
STorrAEs, . (1897). , : : } 94 
Dorp, H. (1899) 5 : 

Lreper, H. und ... (1898) . : : } 95 
BuDISAVLJEVIC, E. (1898) 

Netto, E. (1893). : , : : 95 
GavritovitcH, B. (1899) . ; : 95 
BurnsipgE, W. 8. and ... (1899) : : 95-96 
Mansion, P. (1899, 1900) . , ; 96 
StrupnicKa, F. J. (1899) . ; 96 

CHAPTER III. 

DETERMINANTS AND LINEAR EQUATIONS, FROM 1880-1898. 97-107 
Mansion, P. (1880, a : : . pp. 97-98 
Lrnveor, L. (1880) ; : 98 
BIEHLER, C. (1880) . i : ; 98 
Scumitz, A. (1880) . i ; 98 
Kronecker, L. (1881) ae. ; 98 
Warner, J. D. (1881). ; ; : 99 
Burnsipe, W. 8. and... (1881) . : : 99 
Lonecuames, G. DE(1883) . ! : ; 99 
Giupice, F. (1883). ; : . 99-100 
Mfsray, Cu. (1884). i ; : 100 
Weyr, Ep. (1884). : : : 100 
Simmons, T. C. (1885). ; : . 100-101 

~ Gorpay, P. (isene > . <eeeY 101 
JUERGENS, EH. (1886) . : . 101-102 


CAPELDIEA. 1050... /(1886), —. ; , . 102-103 


X1V 


CLasen, B. J. 
CAPELLI, A. 
Buscue, E. 
TyLer, H. W. 
GARBIERI, G. 
AmiGcugs, E. 
PAPELIER, G. 
Gasco, L. G. 
CoL.et, J. 
Meyer, A. 


CONTENTS 


(1888) . . . pp. 103-104 
(1888-9, -92, -95, -98) 104-105 
(S91) «2 AREBEE 105 
(1891) 105 
(1891) . 105-106 
(1892) 7 
(1897) . + 106-107 
(1897) J 
(1893) | iy 
(1894) af 
CHAPTER IV. 


AXISYMMETRIC DETERMINANTS, FROM 1880 To 1897 


Scort, R. F. (1880). ; - pp. 108-109 
Hazzipakis, J. N. (1880) . : 7 ‘ 110 
Muir, T. (1881). ; ; : 110 
Muir, T. (1881). : . ’ 111 
Murr, T. (1881). : ; : 111 
Burnsipe, W. 8. and... (1881) : : 111 
Muir, T. (1882) . ; : . 111-112 
Kronecker, L. (1882). ; : 118 
Runa, C. (1882). . 114-115 
Murr, T. (1884). : ; : 115 
Sytvester, J. J. (1884). ’ . 115-116 
Bucuuerm, A. (1884) . : ; : 116 
Murr, T. (1884). i : . 116-117 
Mrumkg, R. (1885). ; : | 

ScHENDEL, L. (1885). ; : 4 pew 
Sytvester, J. J. (1885) . : { . 117-118 
CrsAro, E. (1885). ; ; . 118-119 
Loria, G. (1886). . : : 119 
Epwarpss, D. (1886). : . 119-120 
ScHRADER, W. (1887). : : : 120 
Suarp, W. J. C. (1887) . : - 120-121 
Morr, T. (1888). : ‘ . 121-123 
Hermes, J. (1888). ; : . 123-124 


Stiettses, T. J. 


(1888). >.) (eee : 124 


PAGES 


108-137 


SHarp, W. J. C. 


Cavey, A. 
Muir, T. 
KRONECKER, L. 


SYLVESTER, J. J. 
Horta, F. pa a 


LoNnGCHAMPS, 
Muir, T. 

_ Laurent, H. 
Muir, T. 
CaYLey, A. 


SYLVESTER, J. J. 


Prime, F. 


LrupEsporr, C. 


Crsaro, EH. 
TuckER, R. 
NEUBERG, J. 
Scuaprra, H. 


Merzier, W. H. 


FROBENIUS, G. 
CIAMBERLINI, C. 
Lovett, HK. O. 
Wuirts, H. §. 
Moir, T. 


CONTENTS 


(1888) 

_ (1888) 
(1889) 
(1889) 
(1890) 
ee ; 
(1890, -91) 


( 
(1892 


1893) 
1894) 
1894). 
1893, —96) 
1893) 
1893) 
1894) 
1895) 
1897) 
1895) 
1897) 


CHAPTER V. 


pp. 124-125 
| 125-126 


127 
128-129 
129 
129 
130 
130 


131 


131 
132 


- 132-133 


133-134 
134-135 
135 
135 


! 
j 186 


136-137 
137 


SYMMETRIC DETERMINANTS THAT ARE NOT AXISYMMETRIC, 
FROM 1884 To 1897 


LEeupDEsporr, C. 
Tucker, R. 
EMMERICH, 
Howse, G. F. 


Suarp, W. J. C. 


GILLET, J. 
Muir, T. 
NEUBERG, J. 


(1884) 
(1886) 

(1888) 

(1889, -90) 
(1891, -94) 
(1894) 
(1888) 
(1897) 


pp. 138 
138 
139 


139 


139 
140 
141 


———— 


XV 


PAGES 


138-141 


Xvi CONTENTS 


CHAPTER VI. 
ALTERNANTS, FROM 1880 To 1899 : 

Barner, G. F. W. (1880) . F . pp. 142-143 
Scuwarz, H. A. (1880) . 143-144 
IceL, B. (1880). ; : 144 
Scorrs Ra ky (1881) ie. ; : i 144 
Re, A. DEL (1881) 145 
Kostxa, C. (1881). F ; . 145-146 
BurwnsiDk, W. 8. and ... (1881) ; . 147-148 
Scorr, R. F. (1881). ‘ : . 148-149 
Muir, T. (1882) . ; ; : 150 
Muir, T. (1882). : : . 150-151 
Scorr, R. F. (1882) . : ‘ . 152-154 
MitcHett, O. H. (1882) . : ' ; 154 
NovareseE, E. (1882) . : ; . 154-155 
Begsso, D. (1882). ; ; ; 155 
GARBIERI, G. (1882) . 3 : . 155-157 
Renokovsky, V. (1882) . . . . 157 
Possg, C. (1883). , ‘ : 157 
Craia, T. (1883). , : . 158 
Epwarpses, D. (1884). : : . 158-159 
Gorpan, P. (1884). : ; : 159 
Fouret, G. (1884). ; : : 159 
Jacosi, ©. G. J. (1884). : : ; 159 
Jounson, W. W. (1885). ; ‘ : 160 
Jounson, W. W. (1885) . : 3 . 160-162 
Jounson, W. W. (1885) . . : ‘ 163 
Satmon, G. (1885). ; : : 164 
Jounson, W. W. (1886) . : ; ' 164 
Anan, A. H. (1886) . : ; , 165 
Anetin, A. H. (1886) 165-166 
Rogers, L. J. (1886). ‘ : ‘ 166 
ScHRADER, W. (1887). : ; 3 | 167 
Sporer, B. (1887). 3 ’ , 

Morr, T. (1887). ' : . 167-168 
RussE.., A. (1887). : : ‘ 168 
Morr, T. (1887). : ’ . 168-169 
Aneuin, A. H. (1887). ‘ 3 ; 170 


Marcotongo, R. (1887). ; ; , wel 


CONTENTS 


Wernravcn, K. (1887) 
Strettyes, T. J. (1887) 


Muir, T. (1888) 
Aneuin, A. H. (1888) 
WEILL, G. (1888) 
Loria, G. (1888) 
Srarkorr, A. (1889) 
WernraucnH, K. (1888, 
' Mertens, F. (1889) 
Weinraucs, K. (1889) 
Seaar, H. W. (1890) 
ScHENDEL, L. (1891) 
Seaar, H. W. (1892) 
Ecuois, W. H. (1892) 
Ecnois, W. H. (1892) 
Seaar, H. W. (1892) 
VAUTRE, (1893) 
CayYLey, A. (1893) 
Seaar, H. W. (1893) 
Ecuots, W. H. (1893) 
Lercs, M. (1893) 
SCHLEGEL, V. (1894) 
Nevusere, J. (1894) 


Srupnicka, F. J. (1896, 
JoNQuIERES, HK. DE (1895) 
Detuac, H. (1895) 
Lrmeray, E. M. (1896) 
Jacosr, C.G. J. (1896) 
STACKEL, P. (1896) 
StrupniéKa, F. J. (1896, 
Lonecuames, G. DE (1896) 
Latsant, C. A. (1896) 
SrupnicéKa, F. J. (1897) 
Russe u, J. W. (1897) 


Loria, G. (1897) 
Srupnicka, F. J. (1897) 
BRAMBILLA, A. (1898) 
SrupnicKa, F. J. (1898) 
Beke, HE. (1898) 


StupnicKa, F, J. (1898, 


-89) 


_96) 


-91) 


-99) 
b 


pp. 171-172 
172 
172-173 
173-175 
175 

175 
175-176 
176-177 
GL 
177-178 
178 
178-180 
180-181 
181 
182-183 
183-185 
186 


| 186 
186-187 
187 


| 187-188 


188 
188-189 
189 


189 


190 
190 
190-191 
192 
192-193 
193-194 
195 
195-196 
197 
197, 
197 


. : . 


XVil 


XVill 


Rog, E. D. 
Lercu, M. 
Murr, T. 
Lewicky, W. 
Murr, T. 
June, V. 
June, V. 


BurnsiprE, W. S. an 


Merray, C. 


CONTENTS 


(1898, 


Qu 


CHAPTER VII. 


~99) 


pp- 197 
198 

198 

199 

199 
199-200 
200 
200-201 
201 


CoMPOUND DETERMINANTS, FROM 1880 To 1900 . 


Hunyapy, J. 
Hunyapy, J. 
Hunyapy, J. 
Paier, C. LE 
Caspary, F. 
Muir, T. 
Hunyapy, J. 
Scort, Kee kh 
Hunyapy, J. 
KRETKOWSKI, W. 
Kronecker, L. 
Hunyapy, J. 
Scort, R. F. 
Barsrer, E. 
Van VeuzeER, C. A. 
Hampurcer, M. 
Muir, T. 
D’Ovipto, E. 
GRUSINTZEFF, A. P. 
Rapos, G. 
LANDSBERG, G. 
Netto, E. 
Musso, G. 
VanLen, K. T. 
Merzter, W. H. 
MUuter, E. 


(1880) 


-81) 


pp. 202-204 
204-205 
205 

206 

206 
206-207 
207-208 
208 

209 

209 

209 

209 

210 

211 

211 

212 

213 

213 
213-215 
215 
215-216 
216 

216 

216 

217 

217 


PAGES 


202-223 


CONTENTS Sab 


PAGES 


FROBENIvS, G. (1894). . Pps ee 2hy 
JAROCHENKO, 8S. P. (1894). : : ; 218 
Ranpos, G. (1896, -97) . E : 218 
Pascat, EK. (1896). . 218-220 
Arant, D. (1896). : t : 220 
Nanson, E. J. (189%) ; : : 220 
Metzier, W. H. (1897) . : } . 220-222 
Ice, B. (1898). ; ; 222 
Strupniéka, F. J. (1898) Je8i} 222 
StupnicKka, F. J. (1898, -99) 222 
Waits, H. S. (1899) =: ; : : 222 
Morr, T. (1322) 2 ‘ 223 
CHAPTER VIII. 

RECURRENTS, FROM 1880 To 1898 : : ; : . 224-24) 
GuasHaN, J. C. (1880). ; . pp. 224 
MacKenziz, J. L. (1880) . ; ; | 295 
Farkas, J. (1880). om : 
CrsAro, E. (1880) . : : 225 
MotuameE, V. (1881)... : ' . 225-226 
PINCHERLE, 8. (1881, -83) . ; : 226 
Davin, J. M. (1882). ‘ , . 226-227 
CHERRIMAN, J. B. (1882) . : ‘ 227 
Sacusg, A. (1882) . : : : 227 
Amawnzio, D. (1883). : , ; 228 
Bruno, F. Fad pr (1883) . 4 
Hacen, J. (1883) - 229 
MacManon, P. A. (1883) . : : 

Lopes, A. (1883) . ; : : 230 
SytvestTErR, J. J. (1883) .| 230 
FRANKLIN, F. (1883) 4 

MARCHAND, . (1883) >] 93] 
SruDNIOKA, Mids (18s4y 4i0= Beet) yf 

JEZEK, O. (1884). ‘ : : 231 
GLAISHER, J. W. L. (1884) . : : 231 
Croccut, L. (1885). : . ; 232 
StupnicKa, F. J. (1886) . 232 


Dickstein, S. (1886). ‘ ‘ : 232 


XxX 


Gorpon, A. 


MacKenziz, J. L. 
Larsant, C. A. 
Dupuis, N. F. 


GuBLER, E. 


Duporcea, E. 
TERIxErRs a. P. 
ScHENDEL, L. 
GaMBIOLI, D. 
Marrone, M. 
ESCHERICH, G. Vv. 
Sraar, H. W. 


Retcu, K. 


Secar, H. W. 
SaatscHuTz, L. 
CALDARERA, G. 
Haussner, R. 


VERNIER, P. 
JAMET, V. 


Strupni6Ka, F. J. 
Maneceot, S. 


Bourtet, C. 


CAZZANIGA, T. 
Latsant, ©. A. 


CONTENTS 


(1892). 
(1892, -93) 
(1893). 
(1894) 
(1895) 
(1898 


CHAPTER IX. 


WRONSKIANS, FROM 1880 To 1899 


Casoratl, F. 


(1880) 


Burnsipg, W. S. and ... (1881) 


Mater, J. C. 
Mansion, P. 

Srarkorr, A. 
DickstTEtn, 8. 


PEANO, G. 


KONIGSBERGER, L. 
Demoutin, A. 
NEvuBERG, J. 
Seaar, H. W. 


(1882) 
(1884) 
(1884) 
(1888, -97) 
(1889) 
(1889) 
(1889, -97) 
(1894) 
(1891) 


pp. 233 
233 

233 
233-234 
234 


234 


235 
235 
235 
235-236 
236-237 
237 
238 
238 
238 
238 


239 


239 
239-240 
240 
240 
241 


. get ee 


pp. 242-243 
243 

243 
243-245 
245 

245 
245-246 
246 


‘\ 946 


PAGES 


242-250 


CONTENTS Xx 


PAGES 


Laurent, H. (1888) ‘} 
Martone, M. (1891) -rpp. 247 
Ecuots, W. H. (1893) . ; J 
TORELLI, G. (1893) . : ; 247 
Lecornu, L. (1894). ; : : 248 
GreEvy, A. (1894). ; ; 248 
Bortotorti, E. (1896) 7 | i ; . 248-249 
PINCHERLE, S. (1897) "> ; ; ‘ 249 
PrEano, G. (1897) ; 

- Vivantt, G. (1898)e. 3. cae | aa 
Bortotortti, H. (1898) . t : : 250 
StupniéKa, F. J. (1899) . : : 250 

CHAPTER X. 

JACOBIANS, FROM 1880 To 1899 . : 5 ; é . 251-258 
Bruno, F. Fad pi (1880) . . pp. 251-252 
GILBERT, PH. (1880) . é ; i 252 
Paar, C. LE (1SS1) = i : . 252-253 
Pascu, M. (1881). : 253 
Morr, T. (1882) . : } . 253-254 
Jacosl, C. G. J. (1884). ; 254 
Kraus, L. (1884) . ; : 254 
PrEano, G. (1884). é . 254-255 
Mansion, P. ' (1884). : , : 255 
SrieLtyes, T. J. (1885). : , 255 
PEANO, G. (1889). : ; . 255-256 
TEIxErRA, F. G. (1890). : , 256 
Prime, F. (1892) . ; : ; 256 
TorRELLI, G. (1893). : : . 256-257 
JAcosi, C.G. J. (1896) —. : d 3 257 
Avutonng, L. (1897) . . ‘ ; 258 
Berry, A. (1898). : ; a 258 
CrawForD, L. (1899) afi 

CHAPTER XI. 


Skew DETERMINANTS AND PFAFFIANS, FROM 1880 To 1899 259-283 
Zasaczkowski, W. (1880) . , . pp. 259-260 


Xxli 


GUNTHER, S. 
LENGAUER, 
Muir, T. 
SYLVESTER, J. J. 
Muir, 
Muir, 
Murr, 
Murr, 
Murr, 
Murr, 
TORELLI, G. 
Mertens, F. 
CaTALAN, I. C. 
Fouret, G. 
Deruyts, F. 
Batu, R. 
TORELLI, G. 
Metzier, W. H. 
lshanmy WE Bs Nik 
Russian, C. 
Murr, T. 
FontTenek, G. 
MicnHe., Cu. 
Sruyvarrt, M. 
Sapun, Excra 
CAZZANIGA, T. 
VivanTl, G. 
Baker, H. F. 
SrupnioKa, F. J. 
Youne, W. H. 
Scarris, U. 
Russian, C. K. 


HeAsadEH 


CONTENTS 


(1880) 2. eee 
(1880) pe. rn 
(1881). 260-261 
(1881-89) 261-262 
(1881). 262-263 
(1881) 263-264 
(1881) 264-267 
(1882) 267-268 
(1882) 268-270 
(1885) 271 
(1886) 271 
(1887) 272 
(1888) 272 
(1889) 272 
(1889) 273 
(1890) 273 
(1891) 273-274 
(1893) 274 
(1895) 274 
(1896-7) 275 
(1896) 275-278 
(1896) 

(1896) 279 
(1897) J 

(1896) 279-280 
(1897) 280-281 
(1897) 281-282 
(1897) 282 
(1898) 282 
(1898) 283 
(1899) 283 
(1899) 283 


CHAPTER XII. 


ORTHOGONANTS AND Latent Roots, rrom 1880 To 1899 . 


LAuRENT, H. 


Hazzipakis, J. N. 


(1880) 
(1880) 


pp. 284 
284 


PAGES 


284-311 


CONTENTS 


Soort, R. F. (1880) 
WALECKI, (1882) 
SyLvestTer, J. J. (1884) 
SUBLTIES, Le J. (1884) 
Rovutu, EK. J. (1884) 
Muir, T. (1884) 
BucuHeErm, A. (1884) 
Hoppr, R. (1885) 
Lrescuirz, R. (1886) 
‘Loria, G. (1886) 
Netto, E. (1886) 
TARLETON, A. (1887) 
Voss, A. (1887) 
MARCHAND, . (1888) 
Rauusen, A. E. (1888) 
Liprscuitz, R. (1890) 
KRONECKER, L. (1890) 
Briss, C. (1890) 
Taser, H. (1891) 
Merzter, W. H. = (1892) 
Rapos, G. (1891) 
Prym, F. (1892) 
IgEL, 5B. (1892) 
Scuouts, P. H. (1892) 
Bana, A. S. (1893) 
Taper, H. (1893, 
Merzter, W. H. (1893) 
Netto, E. (1894) 
Taper, H. (1896) 
Muir, T. (1896, 
Pascat, E. (1897) 
ELFRINKHOF, L. vAN (1897) 
JAHNKE, EH. (1897) 
Rapos, G. (1898) 


Merzuter, W. H. = (1898) 
Exuiort, EK. B. (1899) 


Bibliographical List 


-97) 


pp. 284-285 
; 285 
285-286 
286 

287 
287-288 
289 

289 

289 

290 
290-292 
292 
292-293 
294 
294-295 
295 
295-296 
297 


297 


298 
298-299 
300 
301 
301 
302 
302 
303 
303-304 
304-305 
305-306 
306-307 
307 
308-309 
309 
309-310 


310-311 


. : . . 


Xxlll 


XXIV CONTENTS 


CHAPTER XIII. 


PAGES 


PERSYMMETRIC DETERMINANTS, FROM 1881 To 1899 . . 9312-331 
Hevn, K. (L88iye: ; ; | 
Kronecker, L. (1881) . » pp. 312-315 
Heun, K. (1881) J 
Kapteyn, W. (1881) 315-316 
CHRYSTAL, G. (1881) 316 
KRONECKER, L. (1881) 317-319 
Murr, T. (881). 4 : . . 319-320 
Murr, T. (1885). Vee ee 320 
Warp, P. C. (1885) : 

Murr, T. (1886) | Si Ts ss 
ScHRADER, W. (1887) 322 
Secar, H. W. (1892) 322-323 
Scuouts, P. H. (1892) -) 393 
Escuericn, G. v. (1892) . 

Secar, H. W. (1892) 323 
Brunn, H. (1892) . : ; . 324-325 
FROBENIUS, G. (1894). ; . a O2D—026 
Netto, E. (1895) 326-328 
Livy, L. (1895) 328-329 
Netto, E. (1896). 2 . : 329 
Cazzanica, T. (1897) : : . 329-330 
Nanson, E. J. (1898). : . : 330 
SrupniéKa, F. J. (1898) . : : : 330 
Baur, L. (e968) ee 331 
Muir, T. (1899) . ; : ; 331 
Srupniéka, F. J. (1899) . i : 331 

CHAPTER XIV. 

BIGRADIENTS, FROM 1877 To 1899 332-351 
VENTEJOL, (1877). ; | 
Breuer, ©. (1880) fea oo 
Paice, C. LE (1880). : . . 9332-333 
Farkas, J. (1880) 334-335 
Farkas, J. (1881) 335-336 
Croccut, L. (1882) 336-337 


REUSCHLE, C. 
Gorpan, P. 
Hea, W. E. 
Pomey, E. 
Loria, G. 
Tyrer, H. W. 
BIERMANN, O. 
HASKELL, M. W. 
WaAELScH, H. 
Mansion, P. 
GorpaN, P. 
TAaYyLor, W. W. 
Muir, T. 

Netto, HK. 
GoursatT, EH. 
Rog, E. D. 
StupnicKa, F. J. 
Van VuEcK, EH. B. 


CONTENTS 


(1884) 
(1885) 
(1886) 
(1888) 
(1888) 
(1891) 
(1891) 
(1892) 
(1891) 
(1893) 
(1893, —94) 
(1895) 
(1896) 
(1896) 
(1896-97) 
(1898) 
(1898) 
(1899) 


Bibliographical List 


CHAPTER XV. 


Hessians, FROM 1880 To 1897 


Scott, R. F. 
Bauer, G. 
Voss, A. 
GERBALDI, F. 
Scuoute, P. H. 
McManon, J. 
FRANKLIN, F. 
Pascu, M. 
Muir, T. 
ParInLEvE, P. 
Nanson, E. J. 
REUSCHLE, C. 


1880) 


(1883) 


1889) 

1889) 
(1889) 
(1890) 
(1890) 
(1893) 


( 
( 
(1887) 
( 
( 


(1894) 


(1895) 
(1897) 


CHAPTER XVI. 


CIRCULANTS, FROM 1880 To 1899. 


Scott, R. F. 


(1880) 


pp. 337 
338--339 
339 

339 

339 

340-341 


ee 
J 
342 


342 
343 


} 343-345 


345-346 
346 
347 
347 
348-349 
349-351 


pp. 352 
353 
353 


353 


| 
j 
-| 
_ 358-864 


354 
354 
354 
305 
355 


pp. 356-357 


XXV 


PAGES 


352-355 


356-395 


XXV1 CONTENTS 


GLAISHER, J. W. IL. (1880) pp. 357-358 
Wernravcn, K. (1880) . F : . 358-359 
Wernraucy, K. (1880) . : ‘ : 360 
CLaRIANA Y Ricart, L. (1880). , : 360 
Scuarrra, H. (kSSh) i. ‘ : F 360 
Soorr,, R. 1. (1881) . ’ y : 361 
Muir, T. (1881). ; : . 9861-363 
Murr, T. (1881) 363-364 
Morr, T. (1881) 365-366 
TORELLI, G. (1882) 366-370 
Murr, T. (1882) 370-371 
Buut, A. B. (1882) : 371 
Crsaro, E. (1883) 37] 
Nevsere, J. (1883) p> seen 
Forsytu, A. R. (1884). : . : 372 
Murr, T. (1884) 372-374 
Srupnicka, F. J. (1884) ’ 374 
Warp,.P. C: (1885) a] 374 
Murr, T. (1886) ef 

Murr, T. (1885) . 375-376 
SCHRADER, W. (1887) 

Sporer, B. (1887) | pe 
Roginson, L. W. (1889). ‘| 377 
THYAGARAGAIYAR, V. R. (1899) J 
Rogrrs, L. J. (1891). ; . : 377 
Ravvt, (1894). : ; : 377 
Woopai, H. J. (1894). ‘ : : 378 
Morr, T. (1896). ; 379-382 
ANDRE, D. (1896). ; ‘ : 382 
Bickmore, C. KE. (1898) . : : . 9382-384 
Fonrensh, G. (1898). é , ; 384 
Stupni6Ka, F. J. (1899) ) 
Nevusere, J. (1899). : : J oe 
Murr, T. (1881). : * : 385 
Puconta, A. (188i)> . : . . 385-388 
Hammonp, J. (1882) . : : : 389 
Hammonp, J. (1882) . < ; . 389-390 
PaiaE, C. LE (1884). : : : 390 
Depexinp, R. (1886). ; ; . 390-391 


GEGENBAUR, L. (1888) . A . 391-392 


CONTENTS XXvli 


PAGES 


JANiscH, E. (1890). : oe DD: 392 
Burnsipg, W. (1893) . ; : : 393 
Pascat, EH, (1897). : : 4 393 
Scuuuze, HE. (1897, -99) . : . 3938-394 
Morr, T. (1898). : : . 3894-395 


CHAPTER XVII. 


ConTINUANTS, FROM 1881 To 1899 : ; : ‘ . 396-413 
Murr, T. (1881). : . pp. 396-399 
CHRYSTAL, G. (1881). : : ‘ 399 
Kuve, L. (issly 3 : : , 400 
JADANZA, N. (1882, -84) . 5 : 400 
Morr, T. (1883). ; : ‘ 400 
Morr, T. (1883). : é . 400-401 
WOLSTENHOLME, J. (1884) . ; | 401 
Muir, T. (eave ae a S| 
Muir, T. (1884). : : . 402-403 
Morr, T. (1885). ‘ : : 404 
Stupnicka, F. J. (1886) . ; 404 
StupnicKa, F. J. (1886) . ' ’ 405 
GEGENBAUR, L. (1888) . . ‘ 405 
Murr, T. (1839) : ; : 405 
GaMBIOLI, D. (1889) | 
°F (1890) i oye 
Novargese, H. (1890) =| 
Crsaro, EH. (1900 Ween fer) | aca 
Morr, T. (1892) . ; ; : 409 
MotuamgE, V. (1302) 5. . 409-410 
Secar, H. W. (1893). : . 410-411 
Peirce, B. O. (1893) . ; : ‘ 411 
PatmstrR¢gm, A. (1897). : : : 412 
CALDARERA, F. (1800) 0 : ‘ . 412-413 
CanpioT1, M. R. (1898) . é ; al 
Bickmore, C. E. (1898) . : ‘ : 413 
CuristizE, R. W. D. (1899) | 


Borint, B. (1899) ie. ; : ; 413 


XXVill 


CONTENTS 


CHAPTER XVIII. 


PAGES 


MULTILINEANTS, FROM 1883 To 1895 414-425 
PINCHERLE, 8. (1883) pp: 414 
APPELL, P. (1884) . 414-415 
Porncark, H. (1884) 415-416 
PorncarE, H. (1886) 416-417 
KOCH eUctVye (1890) 417-421 
Koos, Hv. (1890, -92) 421-423 
Brown, E. W. (1892,- -94) | 
Porncark, H. (1893) : 423 
TISSERAND, F. (1894) J 
Roserts, EH. H. (1894) 424 
Kocu, H. v. (1895) 424-425 

CHAPTER XIX. 
N-DIMENSIONAL DETERMINANTS, FROM 1880 To 1900. 426-427 
Bibliographical List pp. 426-427 
CHAPTER XX. 

BoRDERED DETERMINANTS, UP TO 1900 : : 428-434 
LinvELor, L. (1880) pp: 428 
Burnsipg, W. §. and ... (1881) : 429 
KRreETKowsk1, W. (1881) 429-430 
Morr, T. (1882) 430 
Muir, T. (1885) 43] 
SCHRADER, W. (1887) 431 
Kuang, H. (1892) 431-432 
ARNALDI, M. (1896) 432-433 
Bonouis, A. (1896) 434 
Nanson, E. J. (1898) 434 

CHAPTER XXI. 
DETERMINANTS HAVING INVARIANT Factors, From 1851 To 
1900 ; ; : 435-453 
Sytvester, J. J. (1851) pp. 436-437 
CayLey, A. (1854) 437-438 


CONTENTS XX1x 


PAGES 


SytvestTer, J. J. (1854). : erp: 438 
Smitu, H. J. S. (1861). ; : . 439-440 
WEIERSTRASS, K. (1868) . : . . 441-442 
Smitu, H. J. §. (1873). : : . 442-443 
Smitru, H. J. 8. (1873). : ; ‘ 443 
STICKELBERGER, L. (1878) . : . 443-444 
FRoBENIvs, G. (1878). : : . 444-445 
FRoBENIUvS, G. (1879) ore : . 445-446 
Voss, A. (1889). : : : 446 
SauvaGcE, L. (1891, -93) . 3 2 446 
FROBENIUS, G. (1894). ; : . 447-448 
HENSsEL, K. (1894). : ; . 448-449 
HENsEL, K. (1894). : : ; 449 
Sauvaaes, L. (1895). : : j 449 
PINCHERLE, S. LEST 2, : : . 449-450 
Mors, P. (1899). ; : . 450-451 

Bibliographical List : : : . 451-453 

CHAPTER XXII. 

THE Less Common SprecraL Forms, From 1880 To 1899 . 454-497 _ 
Bruno, F. Fad pr (1880) . , . pp. 454-455 
Merino, M. UT kerey hh YS) ‘ : 5] 

Scort, R. F. (IS81 ia se a pee 
Casoratl, F. (Sete . : ; 456 
CaTaLan, EH. C. (1881). : ’ d 456 
Gram, J. P. (1881). ; ' : 457 
Lévy, L. (1881). ; : 457 
Murra (1882) . : : . 457-459 
Morr, T. (1897) : , 459 
Ferber, F. (1399) = : ‘ . 459-460 
Voret, W. (1882) . : ; : 460 
Mure, 72. (1882) | 461 
GENEsE, R. W. (1S82)\ip (REL of 

Scort, R. F. (1882) . } . . 461-462 
CaPELLI, A. (1882, -86) . : . 462-463 
Murr, T. (1883). ; : . 463-464 
ANDREIEF, C. (1883) . : : : 464 


Murr, T. (1883) . : : : 465 


xxx CONTENTS 


SrupnicKa, F. J. (1883) .  . . pp. 465 
Sytvester, J. J. (1884) . ; : g 465 
SytvesTer, J. J. (1884) . : : | 466 
Cay ey, A. (1885) . : ‘ F 

Crsaro, E. (1885). ‘ : : 467 
MeEray, Cu. (1885). ; : . 467-469 
Russet, W. H. L. (1885) .. . : é 469 
Sytvester, J. J. (1885) . ; : | 469 
Morr, T. 188K) et, Se ee 
CaPELLI, A. (1886). P ’ , 470 
TORELLI, G. (1886, -91) . : ; 470 
ScHRADER, W. (1887). , : . 470-472 
Drupe, P. (1887) : 

Battzer, R. (LOSE a ; : | plete 
GEGENBAUR, L. (1887). ‘ : : 473 
Rarmonpt, R. (1888) . P : : 474 
KLeyYBER, J. A. (1888) . : : : 474 
RussELL, A. (1888) . ; , : 475 
ea (1888) . ; : E 475 
CapELui, A. (1889) . , ‘ . 476-477 
Kitune, W. (1889) . , ; . 477-478 
Patmstr¢gM, A. (1890). : : . 478-479 
Tissot, A. (1890). . < 479 
Vivantl, G. (1890). ; ; : 479 
KRoneECKER, L. (1890) . F : ‘ 480 
CayLey, A. (1891) . ‘ . : 480 
Lonecuames, G. DE (1891). ] 5 : 481 
Latsant, C, A. (1891). ‘ : ; 481 
Seaar, H. W. (1892) . : ; ; 482 
Ecuots, W. H. (1893) 482-483 
HADAMARD, J. (1893) . : : . 483-484 
Pascu, M. (1893). : ‘ é 485 
MacManon, P. A. (1893) 485-486 
SCHUMACHER, J. (1894). h , . 486-487 
Musso, G. (1894). ; ‘ : 487 
Tucker, R. (1894, —95) : 
CrawForp, G. E. (1895). , F | oso Ge ese 
Boorn, W. (1895). ; ‘ 488 
CAPELLI, A. (1895) 


Cazzaniaa, T. (1896). ; Tl 488-489 


CONTENTS 


NIz.sen, N. (1896) 
VALENTINER, H. (1898) 
GRANTE, C. (1896) 
Branp, E. (1896) 
Jory, C. I. (1896) 
WRESCH,” ~. (1896) 
Montessus, R. pE (1896, 
Caro, R. (1897) 
INL (1897) 


D’Avitiez, J. F. (1897) 
Latsant, C. A. (1898) 


PINCHERLE, 8. (1897) 
Muir, T. (1897) 
Srupniéxa, F. J. (1897) 
Moir, T. (1898) 
Scarpis, U. (1898) 
MetziterR, W. H. (1899) 
Peirce, J. M. (1899) 


StupnicKa, F. J. (1899) 
StupnicKa, F. J. (1899) 


_99) 


49] 
492-493 
493-494 
494-495 

495 
495-496 

496 

497 

497 


ALPHABETICAL List oF AUTHORS WHOSE WRITINGS ARE 


REPORTED ON 


XXxl 


PAGES 


498-508 


CHAPTER I. 
DETERMINANTS IN GENERAL, FROM 1880 TO 1900. 


THE number of writings dealt with in this chapter differs very little 
from the number in the corresponding chapter of the preceding 
volume; but, as all writings of a merely text-book character are 
no longer retained in the chapter, having been set aside to form a 
chapter by themselves (Chap. II.), it will at once be understood what 
a notable increase of activity marks the period now under con- 
sideration. About four-fifths of the writings are in English, French 
or German, the predominance of English being to a considerable 
extent due to American contributions; but fourteen different 
languages are represented, Greek making its appearance for the 
first time. 

Having spoken of the period of Vol. II. (1841-1860) as being in 
a sense ‘ the period of Cayley and Sylvester,’ we feel it due to their 
memory to recall their continued work throughout the period of 
Vol. III. (1860-1880), and to note that only now in the course of 
Vol. IV. their last contributions fall to be chronicled, Cayley having 
died in 1895 (see p. 52) and Sylvester in 1897 (see p. 131). 


PICQUET, (1880). 
[Question 215. Journ. de Math. Elém., iv. pp. 46, 325, 326.] 


The theorem here proved is that already known regarding the 
differential-coefficient of a determinant. 


2 HISTORY OF THE THEORY OF DETERMINANTS 


SYLVESTER, J. J. (1880): HAMMOND, J. (1881). 


[Question 6188. Educ. Times, xxxiii. p. 32: Math. from Educ. 
Times, xxxiv. pp. 55-56. ] 
[Question 6815. Educ. Times, xxxiv. p. 218.] 


Hammond’s theorem, properly substituted for a narrow one of 
Sylvester’s, is in the case of the fourth order to the effect that if 
A, be the determinant formed from |a,bsc3d,| by deleting the r‘” 
column 

ty Dey ees cele 
and substituting for at 
Aid, AsBr, Agby, AgCrs 
then A, +A,+A,+A, = 0. 
No proof is given; but we may note that the cofactors of the ’s 
are easily shown to vanish, for example, 


cofA, = a,A,+6,B,+¢,C,+d,D, = 0. 


LINDELOF, L. (1880). 


[Bidrag till laran om determinanter. Ofversigt af Finska Vet. Soc. 
Férh., xxii. pp. 123-154.) 

This long and carefully written paper is divided into two sections, 
of which the first is somewhat the longer. From our point of view 
the first is also considerably the more important, as it deals with 
properties of general determinants, whereas the second consists of 
easy deductions from it regarding axisymmetric determinants and 
of applications to binary quadrics. The ultimate subject is the 
solution of linear equations : but the two theorems dealing there- 
with: are naturally and effectively led up to by a series of nine 
theorems on the vanishing of square and oblong arrays. Among 
them all the really fresh result is a generalization of the old theorem 
regarding the resolvability of the determinant obtainable by border- 
ing a null determinant (Hist., ii. p. 153; iii. pp. 28-29, 453). Put 
shortly this generalization is that if an n-line determinant of nullity 
p have affixed to it a p-line border, the product of the resulting deter- 
minant by any (n-p)-line minor of the original is expressible as the 


product of two n-line determinants. Thus, when n is 4 and pis 3, we 
have at once 
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Gy GM, Ay Ag Ty Yr % | = | A Ay Ay My Ly Yy % 
b, by bs by Ze Yo % by by bs by Xe Yo 22 
Cy Co Cg Cy Xe Ys 2% Cy Co Cy Cy Lg Ya 2% 
d, dy dy dy Vy Ya % d, dy dz dy Ly Yq %a 
£1 &2 &3 £4 a, G2 Us Ei, & &3 &4 

3 "a P1 Be Bs Ui Uy URS 


1 2 
Gy eS ¢3 Os Wa Mey TAS Oo re &3 ba 


because of the vanishing of | a,b,c,d,| and its primary and secondary 

minors. In the next place the latter is, by Laplace’s expansion 
theorem, 

= — | EonsCal- {ay | og. | — b, | XYs2.| +.-- a} 

+ | €insba | - {a | Loya%4 | — be | TY3%4| +... \ 

— | Enea | > {43 | t2Ys%4| — 03 | MY s%a] +--- -} 

+ | Ens | ° {ag | Xoyfs2a | — by | %yys24| +... ) 


and since, by reason again of p being 3, we have 


. 


) 


Ae bs i, a3 bs a, by A 


i hl oe Ges 0k 2 Bir Ray by 
it follows that this expansion must contain the factor 


Ay | LeYx%a | — by | %yYs%q| +..-- 
with the cofactor 


a a 
a | Eansa | Site “s | Exnsta | is oe | Einaha [er ma Exnags | - 

1 1 1 
Thus our given bordered determinant multiplied by a, equals 


{ay | LoY3%4 | — by | Xy324| +-- } {a | Eons¢a| — dg| EinsGa| + ---- }; 


1.€. Gate, 25 Gar dpaldands 
b, , Yo % Cics Es £4 
Cy Lz Y3 % 2 3 "4 


dy Le Ys 2 & & bs Sa], 
as was to be proved. 

We have only to remark for ourselves that the form of the result 
suggests an entirely different kind of proof, namely, a deduction 
from Muir’s theorem of 1879 regarding the product of a determinant 
by one of its own minors (Hist., iii. pp. 79-81). 


4 HISTORY OF THE THEORY OF DETERMINANTS 


PAIGE, C. LE (1880). 
[Sur quelques points de la théorie des formes algébriques. Mém.... 
Soc... . des Sct. (Liége), (2) ix. no. 4, 23 pp.] 
[Sur quelques propriétés des déterminants. Nowv. Corresp. Math., 
vi. pp. 490-496. ] 

Incidental to and consequent on his main subject, Le Paige deduces 
the theorem that if A, Y, Z be the determinants got by leaving out 
from an n-by-(n+1) array the 1", the n, and the (n+1)" columns 
respectively, and if A, be the determinant whose r™ row agrees with 
the r™ row of A and whose other rows agree with those of Z, then 

LA Yr 
For example, the array being 
Gy Gg Ogre” Gy 
b, be bs by 


CG, Cg Cz Cg; 


we have 
Aa, Ag MW Ma Ap As a, A, az A, Ag WN 
by be bs 2 bs bs by —- by bs bs a by bs by 
Cy Cy Cg Cy Co Cy Co Cy Cy Cy Came Ihe 


Some deductions are also made (pp. 19-23) depending on the vanish- 
ing of a determinant and its coaxial minors down to that of the 
2" order. A proof of the multiplication-theorem which he gives we 
refer to later. 


LANDRE, ©. L. (1880). 


[Ken stelling omtrent determinanten. Nieuw Archief v. Wisk., vi. 
pp. 208-211.] 

In correcting an error in Dostor’s Eléments (p. 62) Landré is led 
to point out, as Dostor himself had by this time done, that ¢f 
from any given n-line determinant A another B be formed such that 
each row of B ws the corresponding row of A diminished by all the 
other rows of A, then B=2""(2—n)A; the reason being that B is the 
product of A by the circulant 


iter, yey. 
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TEIXEIRA, F. G. (1880). 


[Note sur la dérivation des déterminants. Proceed. London Math. 
Soc., xii. pp. 14, 212.] 

Inquiry here is made as to the result of repeatedly applying the 
ordinary rule for expressing the derivate of a determinant as a sum 
of determinants. The simplest statement of it given is that of the 
determinant A be of the n“ order, ats r” derivate is 


(d, +d¢-+ . at On} as ’ 
ee d,, denotes dufferentiation of the h column. This and a vari- 
ant of it by Cayley are given in the absence of the actual wording 
of the paper itself. 


WEYR, ED. (1880): PAIGE, C. LE (1881): 
TEIXEIRA, F. G. (1881). 


[Verification der Multiplicationsformel fiir Determinanten. Sitz- 
ungsb. ... Ges. d. Wiss. (Prag), 1880, pp. 55-56.] 


[Sur la régle de multiplication des déterminants. Bull. Soc. Math. 
de France, ix. pp. 67-69.] 


[Sobre a multipligéo dos determinantes. Jorn. de Sci. math. e 
astron., il. pp. 185-186.] 


The verification referred to turns on the partitioning of the pro- 
duct-determinant. 

In effect Le Paige proves that If A, B be two n-line determinants, 
C the determinant formed from A, B by row-by-row multiplication, 
a the first of the primary minors of A, 6 the first of the primary minors 
of B, and y the determinani formed from a, 8 as C from A, B, then C 


can be transformed into 
AB 


yO ae: 
thus showing that if the multiplication-theorem hold for the (n — 1) 
order,—that is to say, if y = a8,—it must also hold for the n". 
Teixeira’s note I have not seen: it is reported to have no really 
fresh point of interest. 
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IGEL, B. (1880). 
[Zur Theorie der Determinanten. Sitzwngsb. d. k. Acad. d. Wiss. 
(Wien), lxxxii. pp. 1288-1294. ] 


Without reference to Jacobi (Hist., i. p. 263), Igel obtains such a 
set of equations as 


+ dg | bacgds | — ag | baad; | +44] DoCgd5|—a5|boc3d4| = —| @adgeadds | 

— A, |b cad; | : +g | bycqds | — ag | yeas | +45 | DyC3¢4| = —|4yb5Cads | 
Ay | bacgd | — Ag | bycad | . +a4|byCpd5|—a5|byCodg| = — | 2b acd5 | 
—, | bacgds | + ae | byC3d5 | — ag | byCod | . +45 | yCod, | = —| 120545 | 
Ay | becgdq| — ag | byCydq | +4 | by Cody | — Ay | ByCods | . | = | aybacgd, | 


and notes that the determinant of the set is zero-axial skew. He 
then proceeds on his own account to affirm that as a,, dy, d3, M4, ds; 
are four-fold indeterminate, the determinant of their coefficients in 
the set of equations must vanish as well as all its minors of the 
fourth and third orders. In particular, by restricting himself to the 
coaxial minors, he deduces a proposition regarding vanishing 
Pfaffians, namely, that of a8 denote a minor got from an (n—2)-by-n 
array by leaving out the a and 3'* columns, then 


|aB ay ad|=0 or [aByd] = 0, 
By Bo 
oZ0) 
[aBydeg] a 0, 
and so on. He does not note, however, that the first of these is 


already well known, being Desnanot’s extensional of 1819 (Hist., i. 
p. 140). 


HENRY, C. (1881). 


[Sur le calcul des dérangements. Nowv. Annales de Math., (2) xx. 
pp. 5-9.] 

The subject here is a problem taken from Bertrand’s Traité 

d’ Algébre (1850), p. 146, the result established being that the total 


number of inverted pairs in the permutations of 1, 2, 3, ..., n is 
n! in (n—1). 
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MUIR, T. (1881). 


[The law of extensible minors in determinants. Transac. R. Soc. 
Edinburgh, xxx. pp. 1-4.] 


Here there is first the enunciation of a rediscovery,—the Law of 
Complementaries—reference being made to the previous mention of 
it by Cayley in speaking of Tanner’s paper of 1878. The wording 
is: To every general theorem which takes the form of an identical 
‘relation between a number of the minors of a determinant or between 
the determinant itself and a number of its minors there corresponds 
another theorem derivable from the former by merely substituting for 
every minor its cofactor in the determinant, and then multiplying any 
term by such a power of the determinant as will make the terms of the 
same degree. Asa simple example of its application the well-known 
identity employed by Hermite 


a, Gy ag 
| Abe | |agb3| | gd, | b LS Mae 
1 2 03; Of 

| @4Ce | | GgCg | | @3Cq |} = AeA 
lady} |aodg| | aad, | pieces 1% sae 
1“2 23 3a d, ile ds dy 


is taken, and the identity 


| cs eo | Cyd, | | Cds | 
| bsdq | | bd, | | bd, | = | bya | * | B,C, | 
| bsC4 | | byeq | | Dyce | 


at once derived therefrom. Without a knowledge of the law, these 
identities, it is pointed out, had to be discovered separately. 

The Law of Extensible Minors is: If any identical relation be 
established between a number of the minors of a determinant or between 
the determinant itself and a number of tts minors, the determinants 
being denoted by means of their principal diagonals, then a new theorem 
is always obtainable by merely choosing a line of new letters with new 
suffixes and annexing it to the end of the diagonal of every determinant, 
including those of order 0, occurring in the identity. By way of proof it 
is pointed out that, the established identity concerning | a,b,c3.. J, | 


es 
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being (A), we have only to take the Complementary identity (B) 
and then the Complementary of (B) with respect to 


| ar botg elas. Lor Se aateitzs)); 
Thus, the least possible extension being used, the simple identity 
| @bocg| = @,| bocg| — ag | b,c3| + ag] Byce | 
gives rise to 
dy | aybecgd,| = | aydq|| bocgdq| — | aody | | Dycgdg | + | agdy | | Dycods |, 


and the first of the two identities above gives rise to 


| aybx¢5| | aobse5| | agbyes | 
| @yCx@5| | Gye3e5| | Gees | | = | Aydocgdyes | |azes| | ase | 
| dydye¢5| | @gdze5| | agdges | 


and 

| @3¢5| | @2e5| | a3e5| | @aes | 
| byes | | bees | | bse5| | bases | 
| cye5| | ¢2es| | ese5| | Cues | 


| dye; | | dye; | | de; | | dye; | 


| @yboe; | | debse5| | asbaes | 
| @1Cs@5| | @ec3e5 | | @geyes | | = 
| aydoe5| | edge; | | Agdye; | 


Attention is also drawn to the case where a theorem is its own 
Complementary. 

Instances of separately discovered theorems that were merely 
‘extensionals ’ began to appear early in the history of the subject 
and have been duly noted by us, the earliest being due to Monge 
(1809) and Desnanot (1819). 


PERRY, H. M. (1881). 


[A rule of signs in determinants. Johns Hopkins Univ. Circ., 
1, p. 151.] 

The rule is that when by transposition of rows and of columns 
any minor of a determinant is shifted to occupy the upper left-hand 
corner, the sign-factor to be prefixed to the new form is (—1)*+", 
where s and s’ are the sums of the original numbers of the rows and 
columns respectively. 


|ae5| |a3€5| . 
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KRONECKER, L. (1881). 


[Zur Theorie der Elimination einer Variabeln aus zwei algebraischen 
Gleichungen. Monatsb. ... Akad. d. Wiss. (Berlin), pp. 535- 
600: or Werke, ii. pp. 115-192. Abstract in Bull. des Sev. 
Math., (2) x. (2) pp. 47-58.] 

The main subject of this important memoir is the problem of 
finding two multipliers A(x), B(x) so related to two given integral 
functions f(x), g(x) of the degrees n, n —n, respectively that 

(Ag—Bf)-A 

may be of a lower degree than the n'". Included in the investiga- 

tion, however, and forming an essential part of it (pp. 554-571) is 

a set of results belonging to the pure theory of determinants, some 

on determinants in general (pp. 554-558) and some on determinants 

that are persymmetric. 

The first of the former is to the effect that if an n-by-(n +1) array 
be such that all its n—line determinants vanish except one, then the column 
common to those that vanish must consist of zeros. We have only got to 
denote the non-zero determinant by | @,, | and the extra column by 


Cree RR 
in order to see that from the data we have the n equations 

Aut * G9 + Agr Gao +--+ + Ant’ no = 9 

Aya * Gyo + Age’ Geo +--+ + Anz’ G0 = 0 

Ain’ 49 + Aen * Geo +--+ + Ann’ no = 9) 5 
and, as the determinant of these is equal to | a,,|"-', and therefore 
by the remaining datum does not vanish, it follows that 

ti Ge sore es tne 

are all equal to 0. A generalization is to the effect that of in an 
n-by-(n+1) array n-m of the n-line minors vanish and one does not 
vanish, the array common to the said n-m minors 1s evanescent : for 
example, if in 


DO On ae 


Ce, CgiCc) OC; 


€y €, 3 GC & 
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we have given 


| by¢odge,| = 0 = | bycodge5| and | b,Cod,e; | = 0, 
then 


be Cy dy ea || = 0, 

bs Cs ds es 
The proof is exactly similar to that of the simpler theorem (which 
is the case of this where m is 0), the basis of it being the obtaining 
of four equations having for quasi-unknowns 

| cydse5 |, | bydses|, | byc2e3|, | ByCods | 

—the minors, that is to say, which are to be proved equal to 0,— 
and for coefficients the elements of the given non-vanishing minor 
| bycodye;|. Kronecker prefers, however, to enunciate this more 
general theorem differently, saying that if | ao, | be a linear function 
of the first m+-1 indeterminates 

Boo, Agr, +++ > Am 
only, and the cofactor of agg in it be not equal to 0, then all the (m-+-1)-line 
determinants of the array 

Aro a4 see Am 

4g gy ee Ao 


t Ano Ant bt Fi. Gam 
must vanish. 


The next theorem is at most only fresh in form, being that the 
solution of the equations 
&yyXy + AygXo +... + AyxX, = 0 
Ao Xy Ph AgeXo +... + BoyX_, = 0 


Ay 1X4 5 AyjoXo ears see amnXy, = 0 ; 
in whose determinant |a,,,| is the non-vanishing minor of highest order, 
as equivalent to finding the values of the x’s which will satisfy the equality 


Ao1 Age ses Aon Aom47Xmi1 +f Gom+2Xn+e aE © Sis + AonXn 
ay Ais see Bn Aim4iXm +1 +} Qin+eXm+e + Te -L Ay) Xp 
An Ame Les Ainm Qom ta Xm41 4 4mm+2Xm+2 ae Sens ae AnnXn 


= (—1)"+ | ayn | + (ax, + AoeXe +... + AgnXy) (T) 
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on the understanding that ao, Ao, . - - » Aon are indeterminates—that 
is to say, is equivalent to equating coefficients of a1, Aga, » - + > Bon 
the said equality. As a preparation for proof the last column of the 
left-hand member of (T) is increased by 

Lima COlm + Lm—1COlm—1 +--+ + #,Col,, 


and then the two members equally diminished, the result being 


Ao Qo2 ee Qom . 
Ait UOis Ue Ns,; : 
11 12 Im Sf is 0, (T’) 
Ani ame ag Amm fe 
where f,, fz, ... . stand for the left-hand members of the given set 


of equations. It is then clear that the first half of the proof is made 
good, namely, that the existence of (S) necessitates the existence 
of (T’): and that part of the converse half follows from the pre- 
ceding theorem, namely, that the existence of (T’) necessitates the 
existence of the first m equations in (S). All that is then necessary 
is to show that the first m equations entail the existence of the others, 
and this has already been more than once done.* 
The last theorem is to the effect that of in the array 


Coo Cor +++ Co,n-1 Fon Sons 
Cio Cypser yn ibe tine 
Cuo Cny ec Cy n—-1 bas Fenton Bed oC IE) 


where each column after the n“ is an aggregate of multiples of the first 
n columns, there be at least one m-line minor of the c-array that does 
not vanish, while the minors of higher order all vanish, then each row 
of the whole array is a linear function of the rows from which the said 
non-vanishing minor is formed : further, if there be in the c-array an 
m-line minor that vanishes, its rows in their full extent are connected 
by a linear relation. 
The remaining theorems concern persymmetric determinants. 


* It is not clear what grounds Kronecker had for preferring (T) to (L’). Further, 
so far as ordinary usefulness is concerned, all that is got from either of them by 
the process of equating coefficients of doy, +++» Gym is obtained directly by solving 
the first m equations for %,..., %m: 
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LAQUIERE, E.: PELLET, E. (1881). 


[Démonstration rationnelle des premiers principes des déterminants. 
Assoc. francaise . . . (Congrés d’Alger), pp. 226-230.] 
[Sur les déterminants. Assoc. francaise... (Congrés d’Alger), 
p. 231.] 
The first of these is a helpful introduction to the subject, keeping 
its origin well in view. Of the second the title only is given. 


MUIR, T. (1881). 


[On new and recently discovered properties of certain symmetric 
determinants. Quart. Journ. of Math., xviii. pp. 166-177. ] 

The paper draws attention to quite a number of special forms of 
determinants that can be viewed as centrosymmetric and therefore 
resolvable into two determinant factors. Ultimately ($11) the 
general result 
Oy+%, Agt%, agtX%y adgy—2y Gg—X_ ay — 2 
Bitty: Bet¥ye2 Bst+ys Bs—ys Be—-Y2 Bi—y 
|a,Beys| - | X42? | = e his Wes hen yt Oe ee 

7 YE aa Ya ee yg he SYS ay ya ae ee 
Bi-t1 Ba-Y2 Bs—Yys Bst-Y¥s Baty. Pity 
@y— Tg Ly Ag—Lg agt®, agt+M%, a,+a, 
is reached, and note taken that when the determinants to be multi- 


plied are both axisymmetric the product determinant is doubly 
axisymmetric. 


MUIR, T. (1881). 


[A list of writings on determinants. Quart. Journ. of Math., xviii. 
pp. 110-149.] 

The compiler explains that the writings meant to be included are 
those which concern the theory of determinants and the history of 
the theory, and which have appeared before the end of 1880, writings 
dealing with applications being only inserted when found to contain 
incidentally matter touching on the theory. The list extends to 
40 pages, and contains 589 titles of books, memoirs, etc., arranged 
in chronological order beginning with the year 1693. 


DETERMINANTS IN GENERAL (DERUYTS, 1881) 13 


DERUYTS, J. (1881). 


[Note sur quelques propriétés des déterminants multiples. Mém. 
... Soc. roy. (Liége), (2) x. no. 7, 11 pp.] 

Two purely determinantal proofs are here given of Le Paige’s 
theorem of 1880, and a generalization is made in which the number 
of determinants constructed from the same array as before is (7), 
instead of (n),. 


KRONECKER, L. (1882). 


[Die Subdeterminanten symmetrischer Systeme. Sztzungsd.... 
Akad. d. Wiss. (Berlin), pp. 821-824: or Bull. des Sci. Math., 
(2) xi. (2) pp. 102-107: or Werke, ui. pp. 391-396.] 

This beginning of an unfinished record is based on the conception 
of what are called ‘ reciprocal systems,’ the term ‘ reciprocal’ being 
used in the sense * employed by Cayley in his memoir on Matrices 
(1857). Indeed, ‘matrix’ in the less specialized sense, or ‘ square 
array,’ might fitly be employed throughout in translating ‘ system ’ 
in Kronecker’s paper. 

Only one fresh theorem regarding general determinants is enun- 
ciated, but it is important: unfortunately, no proof is given.f It 
is to the effect that if two determinants be reciprocals, their k™ com- 
pounds are also reciprocals. Having stated this, the author then 
recalls the fact that if each of the elements of the adjugate be 
divided by the original determinant, a determinant is obtained that 


* ‘Reciprocal ’ in this sense may be applied with advantage to determinants also, 
now that the improper use of it for ‘ adjugate >is becoming rare. Two determinants 
of the same order would then be styled reciprocal if their row-by-column product 


were 


eiieth el) a)\eoler isla /s)ietb ons: 


+ Probably the best mode of procedure is to use the extended multiplication- 
theorem. Thus, | @,b,¢,d, | and | asByyg54| being reciprocals, the equality of the 


two forms of 
Ay A, Ay Ay Ay Gy Ag Ay | 


by by by bl" IB: Ba Bs Ba 


suffices to establish the reciprocity of the second compounds. 
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is the reciprocal of the said original: and using with this the new 
theorem, he concludes that the complementary of any minor divided 
by the determinant of the complete system is equal to the corresponding 
minor of the reciprocal system.* He then adds, rather unfairly, that 
Jacobi’s theorem thus enunciated includes Francke’s ‘ apparent’ 
generalization of 1862. 

The remainder of the paper concerns axisymmetric systems. 


SYLVESTER, J. J. (1882). 


[Question 7121. Educ. Times, xxxv. p. 235.] 

Sylvester’s proposition, when stated without using any new 
terminology, is that if each r-line minor of any n-line determinant 
A be multiplied by the conjugate of the corresponding minor of any 
other n-line determinant B, the sum of the products so obtained (which 
is manifestly not altered when A and B change places) “‘ depends 
only on the value of AB or BA.” No proof is given, and as a matter 
of fact the sum in question can be shown to be equal to the sum of 
the r-line coaxial minors of AB or BA. 


EDDY, H. T.; VAN VELZER, C. A.; MUIR, T. (1882). 
[Query. Analyst, ix. p. 64. Solutions, etc., pp. 94, 116-118, 127, 
184-185. ] 


[Note on the transformation of a determinant into any other equi- 
valent determinant. Analyst, x. pp. 8-9.] 


An inquiry regarding the equality 


b ¢ 2abe b ¢ 
6 1 al= be) 
ain. oil ey a eal 


* The following variant would probably be oftener useful : If two n-line deter- 
minants be such that their product equals 
8 
8 


8 
ae Pon ie sulla, 
then any m-line minor of either is equal to s™ multiplied by the cofactor of the corre- 
sponding minor of the other and divided by that other. 


peat 


eed 
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leads Van Velzer to raise wider issues, and to show (1) that any 
determinant may in general be transformed into any other equivalent 
determinant of the same order, and (2) that any vanishing determinant 
may be transformed into one having two rows identical and at the same 
tume two columns identical. 

In supporting Van Velzer, Muir supplies a basis for both pro- 
positions by proving that the first three elements of any column, the 
last say, of | a,bgc3d, | may be replaced by any three magnitudes what- 
ever, a, 2, y, provided the fourth element be changed into 


ay as ag ag— a 
b, by bs by—6 
Cc 1 Co Cz Cham Y 
dy dod, d, 
At the same time, as a contrast to the simplicity of the originating 
example, he gives from the theory of circulants * the equality 


Ast+b, dytby as+by a+b; 1 ds—b, ay—by ag—by a,—b5 
Q,+b, ds+b, aytbs ast 1 ay—bs as—by ay—bs a3—b, 
da+b, a+b, a3+b, a+b,| = |1 a,—by a,—b; as;—b, a— be 
ds+b; dgtb, a+b, 45+63 1 ds—b; a,—b, a —b, a5—b5 
j 


Qg+b, dg+by dygtbs a+b, 


ay— by dg— be d,— bs a,— by 


DERUYTS, J. (1882). 


[Sur certaines sommes de déterminants. Mém.... Soc. ... de 
Liége, (2) x. no. 4, 11 pp.] 

The author’s main object is, as in the preceding year, to generalize 
Le Paige’s theorem of 1880. The lemma, however, which he now 
uses for this purpose is more important than the said theorem or 
its generalization. It is that A and B being n-line determinants, the 
sum of the (n), determinants each consisting of n—p rows from A and 
p rows from B is equal to the sum obtained in performing the same 
operation with the columns. The enunciation, we may remark, would 
have been improved by adding that the rows and columns are to 
occupy the same places in the new determinants as in the originals. 
By way of proof it is pointed out that the coefficient of ay” in 


* See below under year 1881 in Chap. XVI. 
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Ayy% + DyYy ayy + Dy «---  Ayyt + Oy 
Gg + Dey —Aggt + Dosy .... Gant + Dany 
Ane a e Dry Anh a bro Chi Ann X ak Dan 


is the same as in the conjugate determinant. 

The deduction which includes Le Paige’s theorem is of course at 
once given, but need not be repeated here in view of a further 
generalization to which considerable space is devoted (pp. 4-8). 
Unfortunately, as before, the enunciation of this wider generalization 
is not so satisfactory as could be wished. It is that “le signe 
sommatoire se rapportant 4 tous les arrangemens p & p des indices 


1, 2, 3,..., 7, analogues AG; hips. n> by 
Oy AAs mere te 
Qgjky Uy, ky +1 sere Ag ky, -2 
Wik, Uhigtt ++ ++ Oh, | = (—1)** 2 pl Dili _s., 
Gb, Uk t1 +++ Abe 
Gat) Bas ee ra ios 


where D,, denotes the determinant got by deleting the r*” column 
of the array 
Ay Ost ee, me eae 


Any Ane ene nn Qn n+i- 

The mode of proof is gradational, the equality being known to hoid 
when p is 1, and the case for any other value of p being made to 
depend on that for a lower value. 

The remainder of the paper is occupied with other instances of 
a sum of determinants being equal to a multiple of one determinant. 

We note for ourselves that when in the above quoted lemma A 
and B are the first and last n-line determinants of an n-by-(n+1) 
array, the lemma degenerates into Le Paige’s theorem of 1880: and 
that another interesting case of the same lemma arises when B is 
the conjugate of A. 
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SYLVESTER, J. J. (1882, 1883). 


[On the properties of a split matrix. Johns Hopkins Unw. Cire., 
i. pp. 210-211 : or Collected Math. Papers, ii. pp. 645-646. ] 


[Question 7480. Educ. Times, xxxvi. p. 293.] 


The fundamental property given here is a rediscovery, having 
been enunciated in its first form by Brill in 1871. As viewed by 
Sylvester it may be put thus: If an n-line determinant be such that 
the product of each of its first x rows by each of the last n-r rows be 0, 
then the ratio which any r-line minor belonging to the first x rows bears 
to its complementary minor is constant. Another property is that of 
the sum of the squares of all the said r-line manors be multiplied by the 
sum of the squares of all the complementaries, the product is equal to 
the square of the determinant. This is easily established by multi- 
plying the determinant by itself. 

There is also given a theorem of a different type, namely, the 
nullity of the product of any number of n-line determinants cannot be 
less than the nullity of any one of them nor greater than the sum of 
the nullities of all, it being explained that a determinant which 
vanishes but whose primary minors do not all vanish is a ‘ simple’ 
null or ‘of nullity 1,’ that a determinant whose primary minors 
vanish but whose secondary minors do not all vanish is ‘ of nullity 
2,’ and so on. 

In regard to this idea of degrees of nullity note must be taken that 
doubtless the originating train of thought is the same as that which 
suggested Rouché’s * critical minor’ of 1875 and Frobenius’ ‘ rank ’ 
of 1877. In fact if the order of the determinant be » and the nullity 
be k, the rank is evidently n-k: the one number being an index 
of the degree of nullity, the other is an index of the degree of non- 
nullity, and the sum of the two naturally n. 


BONOLIS, A. (1882). 
[Di un nuovo e semplice modo di sviluppare i determinanti di grado 
qualunque, e sua applicazione all ricerca della resultante di due 
equazioni qualsivogliano. Giornale di Mat., xxi. pp. 336-342. ] 


The method referred to consists in forming every term from the 
elements in a diagonal or in two mutually parallel minor diagonals, 
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being an extension of that used by Muir the previous year for three- 
line determinants. If the determinant be n-line, the number of 
terms thus to be got at once is 2”, so that what Bonolis seeks to 
give is n!/2n forms of the determinant, each furnishing a different 
set of 2n terms, and this he obtains by transposition of columns. 
For example, the final expansion of | a,b,c,d, | may be got from 
| @ybocgdy |, — | aydocgds |, | @yb4Cods |, 

the order being 

1234 — 2341 + 3412 — 4123 + 4321 — 3214 + 2143 — 1432 
— 1243 + 2431 — 4312 + 3124 — 3421 + 4213 — 2134 + 1342 
+ 1423 — 4231 + 2314 — 3142 + 3241 — 2413 + 4132 — 1324 


where, for shortness’ sake, the letters a, b, c, d are omitted from each 
term. The method is considered to be specially useful in the case 
of bigradients, and to these the second half of the paper is devoted. 

When the determinants are taken in the form | a,b c,... | or 
| @14%29%33 ... | the method is essentially the same as that con- 
sidered by Cayley in 1871 (Hist., iii. p. 31), namely, where the terms 
are got by (n—1)! cyclical permutations. Probably it is best 
viewed in this latter light, as the points requiring demonstration 
are less likely to be overlooked. 


DAVIS, E. W. (1882). 


[The maximum value of a certain determinant. Johns Hopkins 
Univ. Circulars, ii. no. 20, p. 22; or Bull. American Math. Soc., 
(2) xiv. pp. 17-18.] 

The result here stated is that ¢f the elements of an n-line deter- 
minant (n > 2) be restricted to variation between the limits —a and 
+a, & numerical maximum is C(—a, a, a,..., a),. The value of 
the circulant, we may note, is known from Sylvester (Hist., ii. 
pp. 406-407) to be (—1)"-(n—-2) 21a", 


ANTONELLI, G. B. (1883). 


[Nota sulle relazioni indipendenti tra le coordinate di una forma 
fondamentale in uno spazio di qualsivoglia dimensioni, e.. . . 
Annali di Scuola Normale Sup. (Pisa), iii. pp. 71-77.] 


What calls for notice here is the old subject of vanishing aggregates 
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of products of pairs of determinants. The case mainly dealt with is 
in the umbral notation 


t=n+1 : 
a Ml V2 et ee n 12 3 m 
By 5 . 
24 ( ) h, hs OES u—1 ivr oe Rn+1 h ke ks sf Ke ue 


It dates from 1825, being found substantially in Schweins (Hist., 1. 
p. 171; xxiii. 8, 1). When m = n it is identical with Sylvester’s 
of 1839, and when m <n either may be viewed as including the 
other.* 

KAPTEYN, W. (1883). 


[Over een paar stellingen uit de leer der determinanten. Nieuw 
Archief v. Wisk., x. pp. 180-185. ] 


A careful statement and verification of the expansions of Laplace 
and Cauchy (Hist., i. pp. 104-105) with a wealth of differentiation- 


symbols. 


* Thus, having proved, say in Cayley’s manner (Hist., iii. p. 65), that 


| aybocg | | GabsCe | — | 142¢a | | agbscg | + | @rb2¢5 | | 2sbsce | — | a1b.¢5 | | asbscs | = 0, 
we can put @,, 5,,¢, = 1,9, 0 and obtain 
| bycs | | agbsce | — | O2¢e | | asb5cg | + | b2¢s | | agbacg | — | O2¢6 | | ayb4cs | = 95 
or, having proceeded again in Cayley’s way, thus, 
() Gh Gy 5 Se eC Ue Cy 
PBA ern. BAR: Pia b, 5, by by 05 56 5 
CRE C be a C1 Co Cy Cy Cy Cg Co 
Gz Ay As Ag 47 Az; 4 Us A A, 
by by b5 bg , bz by bs bg 5b, 
C3 Cy Cy Cg Cy Cy Cy Cy Cg Cy 
5 o tt th Ch OG GF . « ds a, ds dg dy 
= | a,b,c, | | agbsCed, | — | @yb2C, | | dgbgcgd, | +--+ + | a,b,c, | | @3bacsdo|, 


we can put a,, b;, ¢7, d, = 0, 0, 0, 1 and obtain the equality with which we started. 
As we have pointed out elsewhere (Textbook, § 87), however, the theorem here 
formulated by Antonelli does not exhaust the case where the orders of the deter- 
minants are different. Thus, the equality 
Gy Gy Gs Gy a, | = 


bbe bee b; , 


Cm RCRENC rN TCqEI Cs 
a, A, As a3 Ay 5 
| b, 4 5 by by bs 
gives us 
| ayb2¢s | | ays | - | @b2¢4| | a3b5| + | ayb.c5| | 4yb4| — | asbsCs | | a,5.| = 9, 


which is not included in the said theorem, 
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SYLVESTER, J. J. (1883). 


[On the equation to the secular inequalities in the planetary theory. 
Philos. Magazine, (5) xvi. pp. 267-269: or Collected Math. 
Papers, iv. pp. 110-111.] 

Notwithstanding the title here used Sylvester is now dealing with 

a much more general equation, namely, that which has for its non- 
zero member any determinant whatever with x subtracted from 
each of its diagonal elements. The roots of such an equation, called 
in the preceding year lambdaic roots,* he now calls the latent roots 
of the determinant—or matrix, rather—and the non-zero member 
the latent function ; and with this preparation formulates the theorem 
of the paper, namely, The sum of the k-ary products of the latent roots 
of the product of two determinants is equal to the sum of the products 
got by multiplying each k-line minor of the first by the corresponding 
minor of the second. <A proof is promised. At present, however, it 
is sufficient to point out in regard to the latent roots of 


| @,b9¢3| - | a,82ys|; 
that is to say, the roots of 
Laa—xz LaB Lay 
Yba xbB—x Xby =20, 
Lea YeB Yey—2x 
that we manifestly have 


+ %,+ 4%, = Yaa + LOB + Ley, 


; "| Zaa LaB Laa Lay LbB LYby 
gf SAREE oe ie E68 | | Zea Fey | | S08 Sey, 
LX, = | Yaa YaB Lay 
Yba XbB Xby 
zea XB Xy |, 


and thence see that the first of these expressions on the right is the 
sum of the products got by multiplying together each pair of corre- 
sponding elements ; that the second 


*v. Comptes Rendus ... Acad. des Sci. (Paris), xciv. pp. 55-59; 396-399: or 
Collected Math. Papers, iii. pp. 562-567,.,., 
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b, by bs | By Be Bs 
= | a,b, | | a,82 | + | 41b3| | 0103 | + | Abs | | 283 |+ ..--5 


and the third | a,b,c, |-| a,8sy3|. It must be noted, however, that 
Sylvester always speaks of matrix unless when compelled to say 
determinant; and, as the multiplication of matrices is row-by- 
column, the wording of the theorem is to the necessary extent 
different. 

In giving his definition at the outset he announces that the latent 
roots of any function of a matrix are respectively the same functions 
of the latent roots of the matrix itself,—an interesting generalization 
of a special case which he had used thirty years before (Hist., il. 
p. 123). 

It is strictly necessary, however, to draw attention to the fact 
that much of what Sylvester says regarding latent roots in these 
papers is novel only inform. As a preliminary we note that so long 
ago as 1840 the general determinantal equation had made its appear- 
ance in a paper on linear differential equations by Cauchy,* who 
styled it the “équation caractéristique”; and Frobenius in 1877, 
when dealing with bilinear forms, took over Cauchy’s term, calling 
the equation 


= eee 


the characteristic equation, and the left-hand member of it the char- 
acteristic determinant,t of the form 


Ty Xz 


CANT CONE 
ley Ai Le ey SE 
Do one 


* Bxercices @analyse et de phys. math., i. p. 53: or Guvres completes, 2° s¢r. xi. 
p19: 

+ Crelle’s Journ., \xxxiv. p. 10. 

+ While still, be it remarked, calling | a,b,c, . . . | the determinant of the form. 
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If we bear this in mind and make allowance for difference in ter- 
minology a single proposition from Frobenius will establish our point. 
He says (p. 11): If t,, ro, ..., Y, be the roots of the characteristic 
equation of A, then f£(r,), f(r), . . . , £(t,) are those of the characteristic 
equation of f(A), The corresponding proposition of Sylvester is that 
which we have spoken of above as a generalization. 


MUIR, T. (1883). 


[On the development of determinants with polynomial elements. 
Messenger of Math., xiii. pp. 135-138.] 


Here attention is first recalled to Albeggiani’s theorem of 1874, 
a restatement of it being made with a view to supplying a clearer 
conception of the nature of the development. The given deter- 
minant, A,,,,, being of the n™ order with p-termed elements, and 
D, being the partial determinant whose elements are all the first 
terms of the polynomials, D, the determinant whose elements are 
all the second terms, and ‘so on, then Albeggiani’s theorem gives 
A,,» mn terms of Dj, D2,..., D, and their minors of every order. 
Thus the development of A; , consists of 4 terms which are three- 
line determinants, 108 terms involving two-line determinants, and 
144 terms involving one-line determinants. 

The following theorem is next stated and proved: J If Dy,» be a 
determinant of the n' order each of whose elements consists of p terms, 
p being > n; of ED,,,-, denote the sum of the p determinants formed 
from D,,, by omatting firstly all the first terms of the elements, secondly 
all the second terms, and so on; if XD,,,,-. denote the sum of the 
2P (p—1) determinants formed by omitting firstly all the Jirst and all 
the second terms of the elements of D,,,,, secondly all the jist and all 
the third terms, and so on, and tf Lalas oD anc eee 
semilar interpretations : then 


LD = DAW = Ld ee reg, ee Oe 


From this is readily derived a property of row-multiplication, 
namely, If 7,,, denote the product of n p-termed expressions, p being 
>n; uf Xm,,)-1 denote the sum of the p products formed from 7, 

by omatting firstly all the first terms of the expressions, secondly all.the 
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second terms, and so on; tf Dayy-2, Stuy-s, +--+ bear similar 
interpretations : then 
Tee Dey te Tn poet ee 


The illustrations are taken from D,,, and by specialization end 
with the expression of a sum of seven squares as a sum of eight 
squares. 


WALECKI,. (1884): FALK, M. (1885). 


[La multiplication des déterminants. Journ. de Math. Spéc., i. 
pp: s-9. | 
[Beweis der Multiplications-Theorems fiir die Determinanten. 
Nachrichten . . . Ges. d. Wiss. (Gottingen), pp. 181-183. ] 
The first proof is one depending again on the partitioning of the 
product-determinant, and the second is another of the gradational 
type. (See above, p. 5.) 


MERAY, CH. (1884). 


[Exposition nouvelle de la théorie des formes linéaires et des déter- 
minants. Journ. (de Liouville) de Math., (3) x. pp. 181-280.] 

Taking an exaggerated view of the extent to which in teaching 
determinants the subject is separated from its origin and artificially 
developed this author sets out ‘ to recast the whole affair, putting 
each thing in its own place, linear forms on the first plane and deter- 
minants on the second.’ The result is a long and carefully con- 
structed memoir of 100 pages, in which the subject of determinants 
ultimately emerges in a sufficiently subordinate position. The first 
chapter (pp. 182-201) deals with ‘ Systems of linear forms in general,’ 
and the second (pp. 201-222) with ‘ Simultaneous linear equations.’ 
In the third (pp. 222-248), which bears the heading ‘ Determinants,’ 
ten pages are required to prepare for the definition, from which it 
appears that a determinant is a particular case of an entity called 
a‘covanescent.’ The fourth (pp. 249-268) is described as ‘ Develop- 
ments on the composition of systems of linear forms >; and the fifth 
(pp. 269-280) as ‘ Relations between the major and minor deter- 
minants of a system of linear forms.’ Unfortunately the memoir is 
not easy reading, the writer, oddly enough, having faults of style in 
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common with the extreme determinantalist whom he chides, and 
every subject touched on being more or less covered over with fresh 
technicalities. As an example we take a brief proposition (p. 250) 
connected with the multiplication-theorem, namely, ‘“‘ Si l’un des 
abaques inducteurs est vanescent par ses files inductorielles, l’abaque 
induit l’est aussi par les files de son sens d’aggrégation & l’autre 
inducteur.”’ It also serves as an illustration of the fact that any- 
thing new on determinants which the memoir may contain is 
applicational. 


MUIR, T. (1884). 


[An overlooked discoverer in the theory of determinants. Philos. 
Magazine (5), xviii. pp. 416—427.] 

The discoverer referred to is Schweins, whose Producte mit Ver- 
setzungen extending to 113 quarto pages had been overlooked, even 
in Germany, from its publication in 1825 until this paper appeared— 
a period of sixty years. The loss involved in this neglect will be 
understood on reading the pages devoted to Schweins in our first 
volume (Hist., i. pp. 159-175, 311-322, 479-485). In the paper now 
under consideration Muir, after a short introduction regarding 
Schweins and his treatise, gives an account of the first and most 
important section (pp. 317-368). 

Taking Schweins’ fundamental theorem regarding products of 
pairs of determinants, and writing it in the umbral notation in the 
easily remembered form 


ee Ci sa by eg OP eet oe Gat renee On 
ay eC OF SGP ah eC Somos Is Ayn | fee eo ee betes Sena 
=> + ay Oy ng Die Faberge ee DeiOe.s Dn 
i We 2 Gn-¢ al} On—q41 SN 1 En Da oe Sars Baed 
he shows, by putting m=q--n and Bi) Jes; Pn =Oi), oe ent 
it includes Sylvester’s theorem of 1851, namely, 
+ Des Gigs Meee Dy Cesta Gain |. 0 
ay 20 eae te lee ec se) oe An ay an ie ‘ 


where the meaning of the horizontal lines will be got from Schweins’ 
mode of writing the first of these equalities (Hist., i. p. 169) or from 
our verbal enunciation of the second (Hist., iv. p. 81) 
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KRONECKER, L. (1884). 


[Naherungsweise ganzzahlige Auflésung linearer Gleichungen. 
Sitzungsb. ... Akad. d. Wiss., (Berlin) Jahrg. 1884, pp. 1179- 
1193, 1271-1299 ; or Werke, iii. (1), pp. 47-109.] 

In this (p. 1192, §5) and an immediately preceding memoir 
Kronecker defines his use of ‘ Rang’ or ‘ Stufenzahl’ in connection 
with a rectangular array, without making any mention of Frobenius 
(1877). 

BRUNEL, G. (1884). 


[Note sur l’analyse indéterminée et la géometrie & m dimensions. 
Mém. ... Soc. des Sci. . . . (Bordeaux), (3) ii. pp. 129-143.] 

In the closing pages (pp. 137,...) the writer deals with the 
relations between the 3-line determinants of any 3-by-5 array, 
showing that not more than three of them are independent (see 
below, pp. 55-56). The determinants being 1,2, ..., 10, the three 
relations obtained are 


1-6 —2-:543:-4=0 
1-9 —2-8+43:-7 =o} 
(elo fo i708) 
In this connection it is desirable again to recall d’Ovidio’s 
overlooked work of 1877 (Hist. ui. p. 68). 


DERUYTS, J. (1884). 


[Sur l’analyse combinatoire des déterminants. Mém... . Soc. des 
Scr. (Liége), (2) xi. 11 pp.] 

Notwithstanding the difference in the title, the subject here is 
quite similar to that of the author’s papers of 1881 and 1882. The 
determinants, however, that now go to form his aggregates are no 
longer constructed from the elements of an n-by-(n+1) array, but, 
like Hammond’s of 1881, from the elements of a single determinant. 
His fundamental theorem—changed in form for simplicity’s sake— 
is that if from | dy, | a new determinant be formed by altering the order 
of the elements in the first row, a second determinant by making the 
same alteration in the elements of the second row, and so on, the sum 
of the n determinants thus derived is p times the original, where p is the 
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number of elements of a row that after the change of order occupy the 
same positions as before. Hammond’s is merely the case of this 
where p is 0; on the other hand, however, by the introduction of 
coefficients with the elements in their changed order, Hammond’s 
is in a way more general. Verification of the theorem is readily 
accomplished by expanding the n determinants in terms of the 
elements in the altered rows and their cofactors, and then making a 
different summation of the n? terms thus obtained. 

By taking the n determinants of this fundamental theorem and 
applying the said theorem to each of them while holding one row 
exempt from further change, there are obtained n(n—1) deter- 
minants whose sum can be readily specified as before. In this way 
the author obtains his second theorem, and then in like manner a 
third theorem. He also is fertile in examples and analogous results. 

Strangely enough note is not taken by him of the further equalitiés 
resulting from the fact that to each theorem obtained as above by 
operating on rows there corresponds a theorem obtained by similarly 
operating on columns. 


CAUCHY, A. L. (1885). 
[Algebraische Analysis. Deutsch herausg. von C. Itzigsohn, 
xli+398 pp. Berlin.] 
A German translation of the Analyse Algébrique of 1821 (Hist., 
i. pp. 148-150.) 


HUMBERT, E. (1885): HOPPE, R. (1885). 
[Note sur le développement d’un déterminant. Nouv. Annales de 
Math., (3) iv. pp. 289-294. ] 
[Ein Satz iiber Determinanten. Archiv d. Math. u. Phys., (2) ii. 
pp. 106-107.] 

The first of these is a simple exposition of Laplace’s expan- 
sion-theorem : and the theorem referred to in the second is the 
extension of 

| abe | -| ede | — | acy | +| yds | + | ad, |+| bye, | = 0 
made by Desnanot in 1819. 
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MUIR, T. (1885.) 


[On bipartite functions. Transac. R. Soc. Edinburgh, xxxi. pp. 
461-482.] 


The functions here introduced and discussed have points of re- 
semblance with determinants, differing mainly from them in being 
non-alternating. Besides this we have an interest in them from 
the fact that the one theory is of substantial value in the study of 
the other. The matrix representation of any such function consists 
of m arrays, of which the first and last are single rows of n elements 
each, and the others are arrays of n-by-n elements ; and the ordinary 
algebraical representation is the aggregate of the terms that contain 
one and only one element from each array, subject to the condition 
that the element to be taken from any one array must be in the 
same row or column with the element taken from the preceding 
array, and in the same column or row with the element taken from 
the following array : for example, 


Gub-e da 

tn SC Ss aa +b8 + cy + dé, 
x y z ‘1 
fweorige, (kl a,v€ + dyen + Cag 


eth tach . + agyE + boyy + coy¢ 
Sen é + agz& + bse + e526, 


C, C2 
a b 
ihe ee acgk + achl + aevk + aeyl 
eee + bdgk + bdhl + bfik + bfjl. 
eel 


After definitions, illustrations and elementary properties (§§ 1-11), 
the author gives a long series of results analogous to results in deter- 
minants, namely, expansions of the type of Laplace’s (§§ 12-19), 
theorems regarding ‘condensation’ and ‘compounds’ (§§ 20-27), 
and theorems on the ‘adjugate,’ including the Law of Comple- 
mentaries. A few miscellaneous matters are next dealt with, in- 
cluding the resolution of a bordered adjugate determinant (Hist., 
ii. p. 118); and then the paper concludes with the ‘ applications.’ 
Of these by far the most important for us consists in the fact that 
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the elements of the product of any number of determinants are for 


the first time made representable in a uniform way: for example, 


A, Az Az A, Ag Az Ay Ay As | 
ay By Yi Bs Y2 a3 Bs 04} 
Oh Gp am (ey to 
b. 7 oy mies 8. a _-| By by by by by by By by Bs 
erat be Oe a; By ¥1 a2 Pe Y¥2 a3 B3 ys 
Cy C2 C3 Ay FD OE 
C42 Cas Cy ni Gq Ca Cat Ly Conte 
ay Py Y1 Ge Be Ya) as Bs ¥3 
Ay Ay As dj ats Gia, 4, 
ay Pi y¥1\% Bry1 | a By 1 
dg B22 Yi oe BoY2\Y2 a2 Bee 
a3 Bg Y3|\%1 43 P3322 as Bs Y3 
a x a x a 
| a,b2¢3 | - | a:Beys | - | 214223 | = | 7 Biyz|% Bry |%2 a1 Bry 
dg B22 /Y1 a2Roye\Y2 ae Bo Y2 
a3 8373/21 a38sys\%2 asBsys 
CG Ce Cs a a C, Ca Cs 
mBiy1\% a Piyi|% Pry 
a2 B22 \¥1 a2 Bey2/Y2 a2 Pee 
a3 3 Y3 |%1 a2 Bs Y3|%2 a3 Bs Y3 


and the determinant which is the equivalent of 


| aybecg | - | a, Boys | | 24%o23 | - | Ayels | 


has for its first element 


a a a | hy 


a, Py Yi) % 
a2 Be Y2| 41 
az Bg Y3|%1 


i) 


Zs - 


As a consequence the investigation of the laws of determinantal 
multiplication are much facilitated. This application, however, is 
not entered on, the author promising a separate communication on 


the subject.* 


* This was not published, as a number of the results were found to be already 
known to Cayley, and indeed were afterwards come across in his writings on 
Matrices: for example, the validity of the Associative Law, and the effect of sub- 
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MUIR, T. (1885). 


[New relations between bipartite functions and determinants, with 
a proof of Cayley’s theorem in matrices. Proceed. London Math. 
Soc., xvi. pp. 276-286. ] 


The first theorem is, for the case of the 4'" degree, 


Css 0 wn 0) 0, O80 Og A, Sa 

i . x a ss 1 

a, b, ¢, d,| a, A, Ay A WO Cy Ay | Gs 

Gig B, Cy Gg) Cy Co C3 ioweDoe Came Ce 

dy by Cy dy|d, dg dg dy RAR CRE 

Gy A Ag Mg 

ae imac « D | a,b, | — @,2 | a,b2c3 | + | @,becsd4| = 9, 

a T ip Lt 


where Sa, stands for a,+b.+c,+d,, >| a,b, | for the sum of the 
two-line coaxial minors, and so forth. For higher degrees there is 
used a more compact notation, easily understood with the help of 
the case just written in full, and warranted by a property of the 
functions : for example, 


GEG, etn. OO: 
Af 
a, A alee b, Ske 1 i Day 
3 r b,. “Mt 
gota Gel Be eSB) aa 
rer a, +d | aydeCsdaes | 
a | aybecsduesfe | = 9. 


stituting for a determinant the conjugate determinant. There, however, they are 
uniformly used without proof,—a matter of little moment perhaps, save in the 
case of the Associative Law. Of course his multiplication is row-by-column : if 
it be taken row-by-row the results are less shapely : for example, in the former 


case we have 
ABC = A(BC), ABCD = A(BC)D = AB: CID) =. o% 


(ABY = BA’, (ABC) = CAB tAy ts 
and in the latter 
ABC = AC’B 
(AB) = BA, (ABC) = C(AB) = OIG vo o 35 
where A’ is very conveniently used for conjugate of A. 
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The second theorem is, for the case of the 4" degree, 


C4 
d,—x | 


— et gg = 
a, b, c dy 


Tis. Os C4 ate 


b.—« 


a3 
bs 
Co C3 —& 
d, ds 
Ay Az As My | A, 0, Oy dy na 
A 
Ay Ay Az Ay | a, by Cy dy 5 na 
A2 


the quotient of the two determinants being thus viewable as the 
generating function of expressions of the form 


a Az Ag Ay | a, by oy 


A™ 
The third theorem is 
a;—%~. Ay as a - 
_ b 
te PERE ei’ nial au 4 
a Co Co—X c 
C, Co C3—2 Cy | 7d “y % 4 | 
d, ds ds dy Tz | - : ‘a 
His hog) TI pan Nite weep (ih 
= -a#+a,+72 tat 2 As a | phe Nes 
1 Cy ay 
Gy Az A,|5, c, dy _ 
+. es 4 | a lens | ly 3 a 5 ; 


where D stands for the square array of | bycsd, |. 


Advantage is 


of course taken of the fact that the expressions dealt with in the 
last two theorems are reciprocals, the resulting deduction being 


exemplified by 


a, a, ag|h, k, |, 
bt dy ey ey es 
by Cy dyifyo fy fs 
bs Cs ds/9, Yo Qs 
hy ky hy G2 a3 hy ky ly ay ag Ay a3 | ky |, 
at hy 
€ €s €3|b, c, dy & C2 es Ce dy ii Co de! fy fs 
Site fs | bs cs ds | gy C3 ds | Jo Ys 
91 J2 Js | 3 
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The theorem of Cayley’s to which the title refers is that con- 
cerning the matrix which is a latent root of a determinant. For 
the 4'" order it is that * 


if M.= (a, Go G, @),- then -|a,—M. ag as a, ==, 
Oi, Use il, b, 6,—M 0, b, 
Gi) Co. Calg Cy Cg Cs—M & 
d, d, ds dy d, d, dy -d4—M 


and as the expansion of the determinant here is 
Mt — M®. Sa, + M2. 5] a,b,| — M- S| aboc3 | + M°-| aybocada |, 


the connection with the foregoing is sufficiently indicated. 


HAMBURGER, M. (1885). 
(See under this heading in Chap. VII.) 


MERTENS, F. (1885, 1890). 


[Ueber eine Formel der Determinantentheorie. Sitzwngsb. d. k. 
Akad. d. Wiss. (Wien), xci. ii a, pp. 622-636. ] 

[O funkcyjach catkowitych ukladu mn zmiennych, tworzacych m 
wierszy in kolumn. Pamietnik Akad.... Wydz. mat.-przyr., 
xvii. pp. 143-165. ] 

The title of the first paper here is quite misleading : there is 
nowhere in it any formula of the Theory of Determinants. Its 
subject throughout is a definitely specified integral function of the 
elements of an m-by-n array, various expressions for the function 
being arrived at, in which determinants not unnaturally appear. 

The title of the second paper is appropriate to both, the subject 
being now carried a little further, and being now more closely con- 
nected with determinants, in that conditions are investigated for 
the divisibility of the function by a power of a determinant. The 
case where m=n the author had dealt with in 1880 (Sctzungsb. ..., 
Ixxxi. ii A, pp. 260-270.) 


*Caytey, A. A memoir on the theory of Matrices. Philos. Transac. R. Soe, 
London, exlviii. pp. 17-37; or Collected Math. Papers, ii. pp. 475-496, 
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MUIR, T. (1885). 


[Question 14792. Educ. Times, liv. p. 83: Math. from Educ. Times, 
(2) i. pp. 52-53. ] 

The theorem here proved by Muir is that <f in the case of each row 
of a determinant the square root of the sum of the squares of the elements 
be taken, the product of the said square roots 1s greater than the deter- 
minant. It is stated to be due to Sir William Thomson, afterwards 
Lord Kelvin, who suspected it to be true and desired a proof.* 
Taking the determinant | a,b,c,d,| and putting 

a? +b? +c? +d? = 83, A?+B?+C,2+D, = 8,3, 
we have the positive quantity 


Garver aaa)! He = 8) 


r 


Gfice OF spa, a tee o@rAr ct 6B, + ».. Af Bt ae 
a o yo aa nee 
rh) | aybC5d, | 
= 2—2 aes 


from which it follows that 
8,9, > | aybecgd, |. 

This being used four times, it follows that 

8489884 * SySS3Sq > | aydocsd, |, 
and .°. > | abocgd, | - | AyB,C,D, |, 
whence the deduction 

81895384 > | Aydocgd, |, 

since to suppose otherwise would lead to a contradiction. 


VANECEK, M. N. (1886). 


[O souvislosti subdeterminantu. Véstntk kral. Ceské Spoletnosti 
Nauk. Trida math., pp. 21-28.] 

The title here is somewhat indefinite, the theorems actually 

brought forward—without reference to their original authors—being 


Jacobi’s regarding a minor of the adjugate and Sylvester’s ‘ exten- 
sional ’ of 1851. 


* See Transac. R. Soc. 8. Africa, i. p. 323, footnote. 
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WEST, E. (1886). 


[Exposé des méthodes générales en mathématiques .. . d’aprés 

Hoéné Wronski. x+314 pp. Paris.] 
In this valuable guide to the study of Wronski’s mathematical 
work, the portion directly connected with our subject is that section 
of the Complément which deals with the ‘ loi supréme ’ (pp. 235-251).* 
It is helpful towards a clearer understanding of the law, but does 
not add anything to what we have already noted regarding * schin ’ 
functions. 


MUIR, T. (1886-1889). 


[The theory of determinants in the historical order of development. 
Proceed. R. Soc. Edinburgh, xiii. pp. 547-590 ; xiv. pp. 452-518 ; 
xv. pp. 481-544 ; xvi. pp. 207-234, 389-448, 748-772. ] 
The original draft of Part I. of the first volume of the present 
book (see Hist., 1. p. 3). 


WELTZIEN, C. (1886). 


[Zur Theorie der homogenen linearen Substitutionen. Sch.-Progr. 
20 pp. Berlin.] 

In reality the subject of this simply and clearly written paper is 
the relations between the elements of a set of four determinants, 
namely, any 3-line determinant, its adjugate, its square by row- 
multiplication, and its square by column-multiplication. The most 
important result in it, however, is a rediscovery, namely, Brioschi’s 
or Beltrami’s theorem regarding the latent roots of the last two 
determinants of the four (Hist., iii. pp. 96-97, 294). 


BAGNERA, G. (1886). 
[Sopra i determinanti che si possono formare cogli stessi n? elementi. 
Giornale di Mat., xxv. pp. 228-231. ] 


All that is here said on the general subject is that the number 
of different determinants formable from n? elements is (n*) ! (n !)?, 


* The portion preceding this Complément had appeared previously as a series 
of articles in'the Journ. (de Liouville) de Math. 
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difference only in sign being considered an essential difference. The 
matter really dealt with is,the determinants formable by permuta- 
tion of the elements of a single row, and the object is to discover 
relations connecting such determinants. The first result reached is 
that If the elements of the r* row of | a, | be permuted in every possible 
way, and any one, the wu" say, of the n! determinants so formable be 
singled out and be subtracted from every other one that differs from it by a 
single interchange in the row in question, then the product of these 
remainders is independent of u, being equal to 


Cdk Gqk eae AA eae 


This is obtained by expressing in terms of a,,, G9, ... and 
A,;, A,z, ... the two determinants concerned in any of the sub- 
tractions referred to, and noting that the remainder after subtraction 
can be put into the form of the product of the difference of two a’s 
by the difference of two A’s. The other result concerns the 
vanishing of a certain determinant whose elements are (n+1)? of 
the n! determinants spoken of. 


LORIA, G. (1886). 


[Nota sulla moltiplicazione di due determinanti. Jornal de Sci. 
math. e astron., vii. pp. 101-106. ] 

Loria’s result differs from Sylvester’s of 1852 (Hist., ii. pp. 75-77) 
in that the product-determinant obtained involves a square array 
of elements unconnected with the factors. If, for example, the 
factors be | abycyd,|, | a,Pey304|, their product is evidently repre- 
sentable by an 8-line determinant whose first four columns are the 
columns of | a,b,c,d,| followed by zeros, and whose last four columns 
are the columns of 

Ay Ae 
My Mea 
ae Oe 
—1 
followed by the columns of | a,8y364|: and equally evidently the 
order of this is reducible to the 6° by taking advantage of the 
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presence of the elements —1, —1,—an operation which does not 
oust the intruding \’s and »’s. The result thus reached by Loria 
is, however, obtained even more readily by Sylvester’s process, 
namely, by multiplying 


1 LOL ROO 

1 € Ge, Ds ds 

Ciel ad 5 bitte vets yell DOORS iE 

DseOatO sass meal « 4 > ecdicCs Alaw Us wa 

4 YE PAV 9A 8 Pr | encqubonrise Mya 
Gay ZOsahes OZUNG 4 % S Wald) HoilaodgéstirAs te 


(See Hist., ii. pp. 75-77). 


RADOS, G. (1886). 


[A theorem in determinants (in Magyar). Math. és természett. 
Ertesito, iv. pp. 268-271: German translation in Math. u. 
naturw. Berichte aus Ungarn, vii. pp. 60-64. ] 

The theorem in question is Zehfuss’ of 1858 (Hist., ii. pp. 102-104) ; 
but the proof is not purely SETA EY being dependent on 

Grassmann’s methods. 


MUIR, T. (1886). 
[A supplementary list of writings on determinants. Quart. Journ. 
of Math., xxi. pp. 299-320. ] 


This list contains 84 titles belonging to the period of the previous 
list (see above, p. 12) and 176 belonging to the five-year period 
1881-1885. 


NEKRASSOFF, P. (1886): HAEBLER, T. (1888). 


[The importance and the historical Heneloren eels of the theory of 
determinants. (In Russian.) Fizmat. nauk . . (Moskva), il. 
pp. 169-178. ] 

[Betrachtungen iiber Determinanten. (Sch.-Prog.) Grimma.] 
These I have not seen. They are reported to contain no really 
fresh matter. 
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GIBBS, J. W. (1886). 
[Multiple algebra. Proceed. American Assoc. Adv. of Sct., Xxxv. 
32 pp. |] 

Besides much that is indirectly interesting to us there is, on 
Sylvester’s lines of 1884, a two-page criticism on the ordinary mode 
of expounding the multiplication of determinants, and, in particular, 
on row-by-row multiplication. Probably something less one-sided 
on the part of both writers would have been more effective. As a 
matter of fact, Sylvester up to the last used with determinants any 
kind of multiplication that came handy: and, of course, papers of 
his like that of 1852 (Hist., 1. pp. 75-77) are not to be cast aside as 
useless. 


FOURET, G. (1886, 1887). 
[Sur un mode de transformation des déterminants. Bull. Soc. Math. 
de France, xiv. pp. 146-151.] 
[Remarques sur certains déterminants numériques. Bull. Soc. Math. 
de France, xv. pp. 146—147.] 

In the so-called transformation there is nothing really new (Hist., 
iii. p. 77), nor, as the author himself afterwards points out, in the 
evaluation of the circulant (Hist., li. p. 107) which he uses to effect 
the transformation. 


PRESLE, A. DE (1886). 
[Multiplication de deux déterminants de méme degré. Bull. Soc. 
Math. de France, xiv. pp. 157-158. ] 
Shows no advance in the mode of proof. 


POUJADE,  . (1887). 


[Une propriété des déterminants. Journ. de Math. Spéc., (3) i. 
pp. 10-11.] 

The property is the Sylvester-Kronecker condition for the evanes- 
cence of all the k-line minors of an n-line determinant (Hist., iii. 
p. 14). The proof is dependent on the theory of homogeneous linear 
equations, 
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DESPLANQUES, . (1887). 
[Théoréme d’algébre. Journ. de Math. Spéc., xi. pp. 12-13.] 


The test for non-evanescence given by Lévy in 1881 is here 
improved on, namely, If each diagonal element of a determinant 
exceeds in absolute value the sum of the other éléments of the row to 
which rt belongs, the determinant cannot vanish. The proof depends 
on the theory of homogeneous linear equations. 


STUDNICKA, F. J. (1887). 


[Novi natin kojim moZemo izvesti treci temeljni pouéak deter- 


minanta. Rad yugoslavenske akad.... u Zagrebu, 1xxxiii. 
pp. 146-152.] 
This is concerned with a detailed proof that the familiar theorem 
| Ain | = | Gin |" 


can be established if Jacobi’s th¢orem regarding minors of | A;,| 
holds for the two-line minors. 


MUIR, T. (1887). 


[An incorrect footnote and its consequences. Nature, xxxvil. 
pp. 246-247, (343, 344), 438-439, (445).] 

The footnote in question attributes the Demonstratio elumanations 
Crameriarae of 1811 not to its author Prasse, but to Mollweide. 
Strange to say, the error occurs in all the five editions of Baltzer’s 
text-book. Muir gives interesting details in regard to the matter, 
and these are augmented in the correspondence called forth by his 
letter. 


MUIR, T. (1888). 
[On vanishing aggregates of determinants. Proceed. R. Soc. Edin- 
burgh, xv. pp. 96-105.] 
The first theorem here enunciated concerns an aggregate of n+1 
determinants of the n‘” order, the elements involved being those of 
a rectangular array of n—1 rows and +1 columns together with 
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those of a Pfaffian array of n++1 frame-lines. If in the case of n=5 
the arrays referred to be 


A lee a 
jaded, VG, meters ar Butyols 
bglkbfimbsen bbe, aN 4 siZ 
Cg PRC Me Mites MELE Pont 
dg @dee dy ds ag eee Q, 

the identity is 
Gy Gy As My as Gan Carsten ene ig Gy Oy 0,6 G5 
b, bs bs b, bs by bs bs by bs by by bs by b; 
Cy Cz Cy Cy Cy} — | Cy Cy Cg Cy Cy} + | Cy Cy Cg Cy Cr 
d, d, d, d, ds dg Us Os G2 Or Pik oe rgd 
a er ea Maal t-a 6 7) a A Yee 

Gq Ay Ag Ay As |e UM % Ag Az As QU A Az Az Uy 

by by by by bs; | By by by bg Bs by by by bs bg 

Co Oy Cg Cg Og) [ey Op Cg Cy C5 = Cp ley egecg wep =ab0: 

dy d, d, dy d,; d, dy a, d, td, ted; dard, cd, 

2°68 Xan g uy Yo O wd Lage 


A verification is readily effected by observing the cofactors of 
Z, Y;, % U, Vz, a, 8, Y> 6, X, @ Z, P> 4 oC 


thus, the cofactor of y in its first position is | agboceds |, and in its 
second position the same determinant with the opposite sign.* Note 
is taken that the number of elements involved is 3(n+1) (8n—2) : 
and the theorem is used to establish Kronecker’s relation between 
m-line minors of a 2m-line axisymmetric determinant. 

The second theorem is: If any two determinants A and B of the 
n” order be taken, and from them two sets of determinants be formed, 
namely, first, a set of n determinants each of which is in one row identical 
with A and in the remaining rows with B, and, secondly, a set of n 
determinants each of which is in one column identical with A and 


* The theorem may be simply formulated thus : J f there be a rectangular array 
of n—1 rows and n+1 columns and a Pfaffian array of n+1 frame-lines, and A, be 
the determinant formed by taking all the columns of the former array except the rtr 
and as a last row the r” frame-line of the Pfaffian array, then 


Avs 4, 4rafiek smote (1A veto: 
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in the remaining columns with B, then the sum of the first set of 
determinants is equal to the second set. Thus, with the originating 
determinants 


| aybecg | | AgbsCg |, 
we have the identity 
a, A, ag A, As A% A, As Us 
by 6, be | + | by be 63) + | bg 05 be 
Cy Cy % Cy Cy Ce Cy Co Cg 
a, As Ae Ay A, A A, a5 Ag 
= b, bs be ok by bs be ae by bs bs 
Cy Cy &% Cy Co Ce Cy Cy C3 


In verification we have only got to observe the cofactors of the 
elements of either of the original determinants. Also, passing 
mentally from cofactors of elements to cofactors of minors a generali- 
zation is suggested which is coextensive with the expansion-theorem 
of Laplace, but which had already been obtained otherwise by 
Deruyts (1882). This is: If any two determinants A and B of the 
n order be taken, and from them two sets of determinants be formed, 
namely, first, a set of (n), determinants, each of which is in x rows 
identical with A and in the remaining rows with B, and, secondly, a 
set of the same number of determinants, each of which is in x columns 
identical with A and in the remaining columns with B, then the sum 
of the first set of determinants is equal to the sum of the second set. For 


example, 


Gyn a) dy A, Gz, As WM Ge Pansy Ox 
b, by b3 bg fe bs bg 6, dg se bs bg by bs 
Gs) Cable, Hog wameyecs ey ey Cy Ce Cy Cg 
d, dg d, ds Aged ged; as d, d, dg dy 
As Ag G7 Ag As Ag A, As As Ag A Ae 
e b, by bs 04 iy by bz bs Os “s bs bg 6, bs 
Cr Ca Cg Cy Cy; Ce Cz Cg Cy Cg Cg C% 
dg dg dz ds d; dz -d, da, d, d, dz dy 


= | yb 207d eae | Adela be | Ade Cotl, | 
+ AsdoCalg [Gets | AsDoC7Mq |= | AsdgCas |. 
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The simpler form of the second theorem (Deruyts’) is applied in the 
same manner as the first theorem, namely, to establish a linear 
relation between n-line minors of a 2n-line centro-symmetric deter- 
minant, thus producing an analogue to Kronecker’s theorem above 
referred to. 


VANDERMONDE, N. (1888). 


[Abhandlungen aus der reinen Mathematik von N. Vandermonde. 
In deutscher Sprache von C. Itzigsohn. 104 pp. Berlin.] 
The important Mémoire sur Vélimination (Hist., i. pp. 17-24) is 
the fourth here translated. 


MOUCHEL, J. (1888). 


[Correspondance. Nouv. Annales de Math., (3) vii. p. 400.] 


Statement of two theorems, one being Dostor’s of 1879 and the 
other still less important. 


RAHUSEN, A. E. (1888). 


[Sur quelques proprietés des déterminants, appliquées & une question 
de géométrie 4 n dimensions. Annales de I’ Ecole Polyt. (Delft), 
iv. pp. 104-139.] 


The properties in question (pp. 104-109) are almost entirely con- 
nected with the evanescence of a rectangular array, the other matter 
being notational and not of any permanent importance. The case 
is first taken where | a,, | and one of its primary minors vanish, and 
then in a step-by-step manner a general theorem is reached, namely, 
that If in an oblong n-by-m array all the n-line minors vanish that 
include a fixed group of less than n columns, then either the array is 
wholly evanescent or the array composed of the said group is evanescent. 
For example, if in the array 

Gy Gg G, wa, Say 
Uist) Oy by eo eoue 
C)anCy * 1Gn ae Camere 
dy One Og 0,050, 
we have given 
| 2345 | = | 1345 | 


\.1245.| = 0, 
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then either | 1235 | = | 1234| = 0, 


or dy by Cy dy 


ad, b, Cy ds anid 


By way of proof the author forms four vanishing determinants by 
annexing to the given array as a fifth row a repetition of one of the 
other rows : from these by expansion he of course obtains 
a, | 2345| — a,| 1345| + a3] 1245| — a,| 1235| + a,| 1234] = 0 
b, | 2345| — b,| 1845] + 65] 1245| — b,| 1235] + 6; | 12384| = 0 
c, | 2345 | — cy] 1845] + oc, | 1245| — e,| 1235| + ¢, | 1234| =0 
d, | 2345 | — d,| 1345| + ds|1245| — d,|1235| + d;| 1234| = 0, 
1.€. — a,| 1235| + a;| 1234| = 0 

— b,|1235| + 6,|1234| = 0 

— ¢, | 1235| + ce, | 1234 | 0 

— d,|1235| + d;|1234| = 0), 


which is viewed as equivalent to the desired result. 


I 


STUDNICKA, F. J. (1888). 


[Nové odvozeni tieti zakladni poucky determinantni. Casopis pro 
péestovant math. a fys., xvii. pp. 193-199. ] 

Holding the opinion that Jacobi’s theorem regarding a minor of 
the adjugate is the third fundamental theorem of determinants, the 
first being Laplace’s expansion-theorem and the second the multi- 
plication-theorem, Studnicka nevertheless is at pains to show that 
the third can be established without the help of the second by using 
along with the first the condensation-theorem of 1879. 


MUIR, T. (1888). 


(Nomenclature of determinants. Nature, xxxviil. p. 589.] 

The subject, raised in a review (pp. 537-538), is the impropriety 
and harmfulness of multiplying synonyms, the main illustrative 
examples being proposed substitutes for adjugate, persymmetric, and 
skew. ‘‘ Adjugate as applied to a determinant was a generation old 
before reciprocal was proposed, and carries with it the sanction of the 
highly-honoured names of Gauss and Cauchy. To outweigh these 
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claims there is very little to be said for the rival word. It is not 
more appropriate: indeed, the kind of connection to be indicated 
does not convey the idea of reciprocity at all....” And so on, 
the other words being similarly dealt with. 


HERMITE, C. (1889). 
[Question 9930. Educ. Times, xlii. p. 37 : Math. from Educ. Times, 
li. pp. 49-50. ] 

What Hermite sets for proof is a case of Cayley’s theorem of 1843 
(Hist., ii. p. 15), being to the effect that 
if | a,bac3 | = | a,b,c, = 0, then |a,b,c,| = | agbsc,| = 0. 
The proof given by Muir consists in taking the additional equality 
| aybyc; | =0 and eliminating | a,b, |, | ac. |, | b,c. |. It is also 
pointed out that the identity 

| 452 | +| aybscq | — | aybs|-| aybecg | + | ayby|+| aydocg| = 0 

only establishes the vanishing of | a,b,c,| when it is known that 


| 4,5, | is not zero; whereas, if | a,b, | be 0 the three equations of 
the other procedure become 


Og a Ohne Gah no AMesCa 
bs by b, | bye. | 
and give | a,b,c, | = 0 more easily than before. 


HENSEL, K. (1889). 


[Ueber die Darstellung der Determinante eines Systems welches aus 
zwei anderen componirt ist. Acta Math., xiv. pp. 317-319.] 

The theorem here dealt with is Zehfuss’ of 1858 (Hist., il. pp. 102- 
104), although not so attributed by Hensel. Associating the com- 
posite determinant in question, D,. say as before, with a set of 
linear homogeneous equations, Hensel shows that D, and D, are the 
only possible factors,—in other words, that the equivalent of D 
must be of the form 


4,2 
aT) 8 
cD3D8, 


—and then by taking a case with very special elements he finds 
c, a, B to be 1, 2, 4. 
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MUIR, T. (1889). 
[On self-conjugate permutations. Proceed. R. Soc. Edinburgh, xvii. 
pp. 7-13.] 

After recalling previous work on the subject, the author fills a 

long vacant niche by giving a proof of Rothe’s recurrence-formula 
Un = Una + (m — 1) Upe 
He then establishes the new formula 
Un = 1+(n)p+1-3(n)y—1-3-5 (met... 
the first eight values thus being 
Tee t0, 262 10, 202.2704, crac. 

Passing then from permutations to terms of a determinant he proves 


independently the same two results, using in the case of the second 
the lemma that in a zero-axial n-line determinant 


u, = 0 when ns odd, 
— 1-3-5...(n —1) whenn vs even. 


KRONECKER, L. (1889). 
(See under this heading in Chap. IV.) 


_ GASPARY, F. (1889). 


[Sur une méthode générale de la géometrie.... Bull. des scv. math., 
(2) xiii. pp. 202-240. ] 
The method referred to is Grassmann’s, and there naturally 
appears a short account of the relation between the ‘ outer product ’ 
and determinants (§§ 24-26, pp. 228-231). 


FISKE, T. 8. (1889). 


[Notes on modern higher algebra. 1. Converse of the determinant 
multiplication-theorem. Messenger of Math., (2) xix. pp. 
89-90.] 

The converse in question is that of a rational integral function of 
the elements of a square array be subject to the same law of multiplication 
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as a determinant, it must be either a determinant or a power of a dete~- 
minant. Denoting the function by y, we have by hypothesis 


L le le «ey ie \ j Ay . . Ce Oa LA lots Isv3 
My, Mo Ms o } vy . Me + o) jours uN y MyAy Mokke M3V3 
Ny No Ng char | ° . Vg YO MAy Nofho NgVg 


from which it is concluded that the function is homogeneous in the 
elements of a column, and therefore must vanish if there be a column 
of zeros. We thus know that if 


LA — leAs + IsAg = Cea a 0 
Myry -b Moo aL M33 a fo} eee 0 
Nyy + Ngo + N35 + os. — 0 


or, what is the same thing, if 
| Lamang ....| => 0 


(for of course the \’s are understood to be non-zero), then the 


product 
Poe ae eee Wiis As 
if My, Mz Ms lbs 
Ny Ng Ng ee | Vy Ve Vg 


must vanish,—a result which is seen to imply that its first factor 


is a multiple of | lymgn3....|. The step from ‘multiple’ to 
* power ’ is thereupon readily taken. 


POMEY, E. (1890): TISSOT, A. (1890). 
[Sur un théoréme de déterminants (théorame de multiplication). 
Journ. de Math. Spéc., xiv. pp. 3-4.] 


[Sur la multiplication des déterminants. Journ. de Math. Spéc., 
(3) iv. pp. 193-194.] 
Nothing noteworthy in either. 


DETERMINANTS IN GENERAL (MUIR, 1890) 45 


MUIR, T. (1890). 


[The Theory of Determinants in the Historical Order of its Develop- 
ment. Part I. Determinants in general; Leibnitz (1693) to 
Cayley (1841). xii+278 pp. London. | 

A reprint, separately published, of six papers communicated to 
the Royal Society of Edinburgh during the years 1886-1889 (see 
above, p. 33). It takes up to, but does not include, Cayley. 


KRONECKER, L. (1890). 


[Ueber die Composition der Systeme von n? Gréssen mit sich selbst. 
Monatsb. . . . Akad. d. Wiss. (Berlin), pp. 1081-1088: or Werke, 
iii. pp. 463-473. ] 

The result which concerns us here is essentially the same as the 
second theorem of Muir’s paper of 1885 (see above, p. 30); but 
it is very important to note that Kronecker himself here refers it 
back to a paper of his of the year 1873.* 


HORTA, F. DA P. (1890). 


[Nota sobre os determinantes. Jorn. de sci. math. phys. e nat., 
(2) v. pp. 67-73.] 

The subject here is the enumeration and the evaluation of the 
various kinds of symmetric determinants and skew determinants, 
the suggesting sources being Muir’s similar papers of 1881. The 
conditioning equations of symmetry 


Ars = Agr (1) 
Ars = An+1—s,n+1—-1r (2) 
Ars = Anti—r,n+1—s (3) 


with respect to (1) the primary diagonal, (2) the secondary diagonal, 
and (3) the centre, are also considered as holding simultaneously in 
pairs, and thus originating a fourth form.t Skewness is dealt with 


* KRONECKER, L. Ueber die verschiedenen Sturm’schen Reihen und ihre 
gegenseitigen Beziehungen. Monatsb.... Akad. d. Wiss. (Berlin), pp. 117-154 
(Art. vii.). 

+ As the form is the same whether the originating pair of equations be (1) (2), 
or (1) (3), or (2) (3), the name ‘ bisymmetric’ is fully appropriate. An example 
of about this date will be found in Math. wu. naturw. Berichte aus Ungarn, ix. § 14, 
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in the same way. Note is even taken of the form which is sym- 
metric with respect to one diagonal and skew with respect to the 
other. 

A mode of development incidentally given will be fully understood 
from the example 


Ay Ag Ay Ay | = A, | docod, | 
b, bs 0,0b, “Hy De dom ig Gg Ai bg |e gy @ | eda |) outta 
Cy Cathe Ce cece, Oyo Oe emit ai ~ 
d, dy ds dy d, ds dy d, ds dy Cy Cg 
= he Qa, Ay 
b, Dg) Oy 
Cra Cs ee Ge 


d, dy dg .. ? 


the related equality which deals with the mere number of terms 
being 

4! = 3!4 (4434 2) +9. 
The development bears some resemblance to Cayley’s of 1847, where 
the corresponding equality is 


4!=1+461+4+4249. 


KRONECKER, L. (1890): NETTO, E. (1891). 


[Anwendung der Modulsysteme auf Fragen der Determinanten- 
theorie. Crelle’s Journ., evii. pp. 254-261 ; eviii. pp. 144-146.] 
The fundamental theorem here—considered ‘noteworthy’ by 

Kronecker himself—is in effect that If the product | ay, | + | by | 

with —1 affixed to each of its diagonal terms be denoted by | P,,|, and 

the corresponding result, when the order of the factors is reversed, by 
|Qin|, then each of the P’s is expressible as a linear homogeneous 
function of the Q’s, with coefficients involving only elements of | Ayn |. 

The proofs given need not be reproduced, as the theorem is much 

simplified when increased in definiteness by including the specifica- 


We may add that bisymmetric n-line determinants have at most }(n +1)® distinct 
elements when n is odd, and 3n(4n+1) when n is even; that the corresponding 
numbers in the case of centro-symmetric determinants are }(n® +1), 4n?,; and that, if 


B,, and C, represent the numbers for the two forms, C= B,,+B,_9.- 


Pu 
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tion of the functions referred to, these being the elements of the 
product 

atl Orato arin | 
where | a, | is the reciprocal determinant of | a,,,|, and the multi- 
plication is row-by-column throughout. For example, if the 
initiating determinants be 

| aybocg| and | Ayuovs |; 
we have 


a A as , a G a3 3 

= + | asba¢s|57 Pig = | aybo¢z |, etc. 

Or OenO.al Ay a On Qn 04 1B, eal 
QO. Qoo Qse A, Qie Qos Qs. B, 


Qis Qes Qs3 A; Qis Qos Qs3 B; 

Since the theorem is one concerning any element of a determinant, 
the suggestion occurs that we are dealing with Cayleyan matrices : 
and, as a matter of fact, it is included in the simple identity 


uw—l = u(vu—1) u-, 


where wu and v are any matrices of the same order. 


PRANGE. A. J. N. (1890). 


[Een en ander over nieuwere algebra naar anleiding van een onlangs 
verschenen werk. Nieuw Archief voor Wiskunde, xvii. pp. 158- 
175.] 

Determinants are here employed in solving (pp. 160-166) severa] 
irrational equations, beginning with (a;v-+b,)? + (agv-+b,)? S164 jin 
resolving aa?+2bay+cy®+2da-+2ey+f into factors (pp. 167-170), 
and in the solution of the biquadratic equation (pp. 170-172). 
Taking these examples as evidence of the usefulness of the instru- 
ment, the author then devotes a couple of pages to explain wherein 
the usefulness consists. 


MUIR, T. (1891). 
[On some hitherto unproved theorems in determinants. Proceed. 
R. Soc. Edinburgh, xviii. pp. 73-82. ] 


The theorems referred to are those of Cayley’s second paper of 
1843 (Hist., ii. pp. 14-16). The first theorem is, however, very 
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imperfectly treated ; as regards the one ‘ unproved ’ part of it—the 
determination of the 0’s—it is overlooked, for example, that these 
coefficients are to be independent of the first row of the array. In 
establishing the two other theorems the last is extended, and it is 
thus made possible to include the two in one, namely, Jf an 
m-by-(m+h) array be evanescent, then the array produced by multi- 
plying row-wise by a determinant of the (m-+h)” order and the array 
produced by multiplying column-wise by a determinant of the m order 
are both evanescent. 


CARVALLO, E. (1891): NIEMOLLER, F. (1891). 


[Théorie des déterminants dans l’esprit de Grassmann. Multi- 
plication des déterminants. Nouv. Annales de Math., (3) x. 
pp. 219-224, 341-345.] 

[Anwendung der linealen Ausdehnungslehre von Grassmann auf die 
Theorie der Determinanten. Sch.-Progr. 22 pp. Osnabriick.] 

The first of these is a simple exposition of the elementary pro- 
perties, the definition used being that based on ‘ algebraic keys’ or 
‘alternate units.’ 

The second differs merely in being more ambitious and more 
extensive, with the object of including as many so-called ‘ applica- 
tions ’ as possible. 

Neither author refers to Scott (1881). 


GRASSMANN, R. (1891). 
[Die Ausdehnungslehre, ... . ix.+132 pp. Stettin.] 


The brother of the author of the theory here gives a fresh account 
of it, the contents of his book so far as they go being in the main 
in keeping with those of the Ausdehnungslehre of 1862. 


GERHARDT, K. I. (1891). 


[Leibnitz tiber die Determinanten. Sttzwngsb... . Akad. der Wiss., 
(Berlin) pp. 407-423. ] 

Gerhardt here edits, with an explanatory introduction, four short 

manuscripts of Leibnitz, ‘hitherto unpublished.’ The contents of 
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the latter do not, however, warrant any alteration in what we have 
already written on the subject (Hvst., i. pp. 6-10). Indeed, the 
essential part of the third manuscript is not now printed for the 
first time, having been published under Gerhardt’s eye in 1863 and 
been reprinted by us in 1886 (Hzst., 1. p. 10). 


IGEL, B. (1892): ESCHERICH, G. v. (1892). 


[Zur Theorie der Determinanten. Monatshefte f. Math. wu. Phys., 

: ill. pp. 55-68. ] 

[Ueber einige Determinanten. Monatshefte f. Math. u. Phys., in. 
pp. 68-80.] 

Here there is brought to light (pp. 55-60) an interesting con- 
nection between Zehfuss’ theorem of 1858, Sylvester’s of 1851, and 
Schlafli’s of 1851 (Hist., ii. pp. 102-104, 52-53, 196-197). We 
know, for example, that if the two determinants are of the same 
order, | a,by¢, | and | a,Gzy3 | say, Zehfuss’ composite determinant is 
of the 9” order, and if, further, the two be identical, the composite 
is equal to | a,b,c; |*. Now by the performance of three row-sub- 
tractions on the composite nine elements are made to vanish, and 
by the performance of three column-additions other nine go like- 
wise, the result being that the determinant is transformable into 


2 2 
204d, 2a,A5 As 2AoMy As 


d1b,+ab, a,b,+a3, Ade Ayb3-+A3b5 asD5 | ab, | | a), | | agbz | 


| ae, | | @s¢r| | 4902 | 
AylCo +l, AyC3+A3C1 A2Cg AxCg+A3Cq sly b b b 
b b b b b b | bec, | | 3C1 | | B3¢e | J - 
ByCot+b2¢, 5yCg+030, O2¢2 OsC3O3C2 9° 
2C4Ce 2C,C3 Co” 2CoC3 Be 


We thus see that the second of the two factors so reached must be 
equal to —| @,b,¢; |?, which is in agreement with Sylvester’s theorem 
regarding the second compound of a determinant, and that the first 
factor must equal —| a,b,c, |* as originally found by Schlafli. 

The second paper provides a gradational proof of the fundamental 
theorem of the first paper, and extends one of the other theorems. 

No reference is made to either Zehfuss or Schlafli in either of the 
papers,—a neglect, we may add, which not a few subsequent writers 


were equally guilty of. 
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DITTMAR, O. (1892). 


[Neue Permutationsverfahren und Determinantenberechnungen. 
Progr. 19 pp. Wimpfen.] 


This concerns the obtaining of permutations in pairs, each pair 
consisting of a permutation and its reverse. It leads to a generali- 
zation like that of Bonolis (1882). 


DICKSTEIN, 8. (1892). 


[Sur les découvertes mathématiques de Wronski. Bibliotheca Math., 
(2) vi. pp. 48-52, 85-90.] 


This historical note, besides giving useful lists of writings, has a 
special section on ‘ combinatory sums’ (pp. 49-51) and another on 
‘aleph functions.’ In view of the source of the paper and its author, 
one would have expected stronger advocacy of Wronski’s claims in 
connection with determinants: nothing more is brought to light 
than what we had drawn attention to in 1881 and 1887.* 


DERUYTS, J. (1892). 


[Sur les relations qui existent entre certain déterminants. Bull. . 
Acad. roy. des sci... . de Belgique, xxiii. pp. 507-521. ] 


The determinants in question are the m-line determinants of an 
m-by-n array, and make their appearance as coordinates in the 
geometry of space of nm—1 dimensions. The investigation rests 
throughout on the theory of quantics, and we need therefore only 
note the result reached, namely, that (p. 516) all relations connecting 
the said determinants are deducible from quadratic relations by means 
of multiplications and additions, and draw attention to its importance 
in connection with the question of the number of relations that are 
ee (see below pp. 56-57). 


of Theory of Determinants, py. 224-227 ; Proceed, R, Soc. Edinburgh, xiv. pp. 484— 
485; xv. pp. 503, 542, 
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MUIR, T. (1892): CAYLEY, A. (1894). 


[A problem of Sylvester’s in elimination. Proceed. R. Soc. Edin- 

burgh, xx. pp. 300-305. ] 

[Note on Dr. Muir’s paper ‘A problem....’ Proceed. R. Soc. 
Edinburgh, xx. pp. 306-308: or Coll. Math. Papers, xii. 
pp. 545-547. ] 

The main result of Muir’s examination of Sylvester’s classical 
paper of 1841 (Hist., i. pp. 248-245) is to show not only that a 
variety of six-line eliminants like Sylvester’s exists, but also that 
three-line eliminants of greater interest are obtainable in the same 
way. Thus, the original set of equations and their eliminant being 


bz? — 2fyz + cy? = 0 Cen g 
ca? — 2gza + az* = 0 andy! 2he.b - fy oor 2A* say, 
ay? — 2hay + ba® = 0 A ke 


he deduces a set in a, y?, 2? with eliminant 2f%g?h?A? ; a set in yz, 
zx, vy, namely, 
a(bg—fh)yz + b(af—gh)zx + c(h? —ab)zy = 0 | 
a( f?—be)yz + b(ch—gf za + e(bg—hf)xy = 0 
a(ch —fg)yz + b(g?—ca)za + c(af—hg)zy = 9 | 
with eliminant abcA?; and a set in a, y, z, namely, 
(bg—fh)x + (af—gh)y + (h—ab)z = 0 | 
(f?—be)a + (ch—gf)y + (bg—hf)z 
(ch—fg)a + (g2—ac)y + (af—hg)z = 0 
with eliminant A’. 

Cayley, who was interested in these results, draws special attention 
to the last set, pointing out and illustrating from geometry that, when 
A = 0, not only does the determinant of the set vanish, but also all 
its primary minors, so that there is only one distinct equation in the 
set. In view of his note of 1856 (Hist., ii. pp. 143-144) he might 
have been expected to remark also on the fact that the set is the 
assertion of the vanishing of the remaining three primary minors of 


I 
=) 
———- 


Ce aed: 
he be fey 
gfe e% 
CD  Yike 
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THE PASSING OF CAYLEY. 


It becomes us here to draw attention to the fact that this note 
of Cayley’s was his last contribution to the literature of our subject. 
As his first contribution had appeared in the beginning of 1841, 
there lies between the two dates the long period of almost fifty-four 
years. We may note also that the paper of 1841 was his first paper 
of all, and is thus the opening paper in the first volume of his Col- 
lected Mathematical Papers, while the other is numbered 963, and is 
the last but three in the thirteenth volume. Cayley died on 26th 
January, 1895. 


KRETKOWSEI, W. (1892): PRIME, F. (1893). 


[O pewnej tozsamosci. Rozpravy Akad. .... (w Krakowie), (2) vi. 
pp. 151-154.] 
[Essai d’une démonstration de la formule de Laplace relative au 
développement des déterminants. Journ. de Math. Spéc., (4) 
li. pp. 3-5.] 
The identity dealt with in the first paper is a particular case of 
that connected with the squaring of an oblong array. 


WELTZIEN, C. (1892). 


[Ueber das Product zweier Determinanten. Math. Annalen, xlii. 
pp. 598-600. ] . 

For the case of two determinants of the fourth order there is 
given at full length the four equalities on which the author justifiably 
bases the general theorem that the sum of the k-line coaxial minors 
of | vn | + | Mn | 8 equal to the corresponding sum in | v4, | + | Un | 
or, as it might be written in a later notation, 


> 


Saxm, (| qn [+ | mn )) = Saxm, (| in| + | Min |). 


It is more general than Brioschi’s theorem of 1854 (Hist., iii. pp. 
96-97, 294), and it is included in the theorem which Sylvester in 
1884 put very differently as follows: The latent roots of AB are the 
same as those of BA (Johns Hopkins Univ. Cire., iii. pp. 7-9.)* 


* Or Collected Math. Papers, iv. p. 127. 
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MILLER, E. (1893). 


[Modern higher algebra. Kansas Univ. Quarterly, i. pp. 1338-136. ] 


What is here given is a formal proof of a known theorem on a 
zero determinant, of another on a zero-axial skew determinant, and 
of a third on Jacobians. 


BANG, A. 8. (1893). 


[Om en Trediegradsligning. Nyt Tidss. f. Math., iv. B, pp. 57-60 ; 
ix. B, pp. 94-96.] 
Incidentally there is proved here an equality in regard to any 
three-line determinant, namely, 


abe 
cdh.\d e f — — BEG + bB.fF +/fF.gG + gG-bB 
ghk — (bB-+fF +96) (bfg—edh) 


+ (bfg—edh)?. 
A useful special case we may put in the form: If bfg = cdh, then 


a b ¢ 

BE EG GB BFG 
ine at i vcko bin Sekine dabice: 
g shy ik 


the development, be it remarked, containing only three elements 
and their cofactors. 


ALMEIDA, L. C. (1893): TEIXEIRA, J. P. (1893). 


[Novas regras para desenvolver os determinantes literaes do terceiro 
e quarto grao. Instituto de Coimbra, xl. pp. 763-765. | 
[Processos expeditos para achar os desenvolvimentos de alguns 
determinantes. Jorn. de sci. math. e astron., Xi. pp- 88-92. | 
[Novo methodo de desenvolver os determinantes. Jorn. de sco. 
math. e astron., xi. pp. 173-186.] 

Teixeira’s aim here is, like Bonolis’ of 1882, to formulate a rule 
for the purpose of obtaining all the terms of an n-line determinant 
in the form of diagonal terms. The exposition is simpler and much 
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more detailed than before, distinction being drawn between the 
cases n= 4p, 4p +1,....* 


LIERS, E. (1893). 


[Ueber eine Analogie des Laplace’schen Determinantensatzes. 
Archiv d. Math. u. Phys., (2) xii. pp. 352-353. ] 

This is another rediscovery of the generalization brought to light 
by Muir in 1879, or rather of that case of the latter in which the 
factors of the expansion are restricted to being minors of the same 
order. The mode of proof is new, the essential part of it being the 
application of the ordinary form of Laplace’s theorem to an 
(n—1)-line minor of the adjugate.} 


MACMAHON, P. A. (1893). 


[A certain class of generating functions in the theory of numbers. 
Philos. Transac. R. Soc. London, clxxxv. pp. 111-160.] 

Through consideration of ‘inversely-symmetric’ determinants 
MacMahon is led to an interesting theorem (pp. 146-150) regarding 
determinants in general, namely, In the case of every determinant of 
even order higher than the second there exist two special relations 
between its coaxial minors, and each of these two relations can be 
thrown into a form which exhibits the determinant as an irrational 
function of its coaxial minors: in the case of a determinant of odd 
order, on the other hand, no such relations exist, and it is not possible 
to express the determinant as a function of its coaxial minors. 
Unfortunately the proof is lengthy. 


* Perhaps the necessary rule of signs may be best formulated as follows: In 
an n-line determinant the signs of the series of terms composed of elements from 
lines parallel to the primary diagonal are all positive when n is odd, and are alter- 
nately positive and negative when n is even, the leading term of course being 
first taken : in the case of the series of terms similarly connected with the secondary 
diagonal each term has the same sign as the corresponding term in the previous 


series or the opposite sign according as 4n (n— 1) is even or odd. Thus, 


: ; : when n 
is 3, 4, 5, 6, the signs are 


Eh 5 GS 
+0 ORE 4S 
Pot beth nabs sg aterdes atid ak 

i Aiea Hn a 2 i tee hohe 


} The example given in the umbral notation is very inaccurately printed. 
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VAHLEN, K. T. (1893). 
[Ueber die Relationen zwischen den Determinanten einer Matrix. 
Crelle’s Journ., exil. pp. 306-310. ] 

Vahlen’s theorem on this subject is Hamburger’s rediscovery of 
1885, namely, that the number of independent relations connecting the 
k-line minors of a k-by-n array 1s 

(n), — 1 —k (n—k). 


The array being 
G1 U2 As Ark Ain 
Ao, Asg = Ag gx; Aen 
G31 33 Ags A3x Asn 
Dey Ug Aeg e  s Ae ee Vim SI 


he first subjects every element of it to a linear substitution, namely, 


Ays = MiyOrg aig Moros he 220 = MiyDrs» 


obtaining 
by Dis bys. +s Dy Bin | Mi Miz Mis Mk | 
bey bos bog bo. bon Mai Moe Mas Mor 
bay bse bss bs: b3n Mg1 Ms2 Mss M3k | 
Dex Dy» Des see Dex Bn Mr Bre. Mrs Mkk j 


as Cayley had shown in 1845 (Hist., u. pp. 33-34). He is thus 
entitled to assert that for every homogeneous equation connecting 
determinants of the a-array there exists a perfectly similar equation 
connecting the corresponding determinants of the b-array, no matter 
what the elements of the modulus of substitution | uy, | may be. 
Then, on the ground that the k? elements of the modulus may be 
go chosen as to give definite values to 4? of the 6’s and so leave only 
nk — kK? 

undetermined elements for the (n),—1 determinant ratios to be 
dependent upon, he concludes that between the said ratios there 
exist (at most) (n),—1—k (n—h) relations. 

The relations themselves are obtained in Hamburger’s manner 
by multiplying column-wise each of the determinants of the array 
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by the adjugate of the first of them, and, as we have already pointed 
out, are included in Bazin’s theorem of 1851 (Hist., ii. pp. 206-208). 
Thus, the array being 

Aaa ft Hn by 

dz 0, C2 fo Go hy 

a be cg fs 9s hs i 
there are (6); multiplications to be performed. The first is nugatory, 
the result being 

| @bac3 | - | AyBsC3 | = | aybgcg |? : 

so also are the nine, 3(6—3), in which the multiplicand has two 
columns in common with | a,b,c |, for example, 


ah f, A, B, Q,| | aybees | . 
a, by fe] ATTABA Can . | Aybo€z | 
a; bs fs A, 3B; Q,| | fides | | dy foes | | abofs | |. 


Then come those in which the multiplicand has only one column 
in common with | a,b,c; |, an example being 


% fi | | A, B, C, | db5¢5 | . 
Q fo Go|. A, B, CQ, | = | fibscs | | Ay fos | | bef | 
a3 fs Ys A; B, C; | Jidscs | | @192Cs Pea ab293 | 1, 
which, on removing the factor | a,b.c, |, becomes 
la fogs | - | abyes | = | abo fs |-| C293 | — | dogs |. | a¢of |, 
and lastly there is 
Ifigohs | - | A,B,C; | aE | Arbscs | | ay foc | | abe fs | 
| 91D xe | | 192Cs | | begs | 
| hybycs | | AyhgCs | | aybehs | > 


in which so many as eleven of the determinants of the array are 
involved, The number of relations thus obtained is 


(6)s — 1 — 3(6—8), 
1.€. 10. 


In proof of the assertion that the ten are mutually independent, it 
is adduced that each of them begins with a determinant which occurs 
in none of the others. 
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ZANTSCHEWSKY, I. M, (1894). 


[Some theorems in determinants: (In Russian.) Mat. Sbornik... 
(Moscow), xvil. pp. 585-597. | 

This may be viewed as a study of the subject of Sylvester’s paper 
of 1851 (Hist., ii. pp. 61-62), namely, the expression of a product 
as an aggregate of like products. The author takes up in order 
(1) the case where, in the obtaining of the expansion, only one row 
is repeatedly removed, (2) the case where a group of rows is removed, 
and (3) the case where the orders of the two factors are not the 
same. 


FROBENIUS, G. (1894). 
(See under this heading in Chap. XXI.) 


MORLEY, F. (1894). 


[Three notes on permutations. Bull. New York Math. Soc., ill. 
pp. 142-148.] 

An attractive paper embodying ‘a plea for the chessboard in 
teaching determinants,’ ‘ a special rule of signs,’ and a commentary 
on ‘the enumeration of positions ’ as dealt with by Cauchy in 1841 
(Hist., i. pp. 250-253). Under this last the author properly calls 
attention to a closely related paper of Jacobi’s dated only ten days 
later than Cauchy’s.* 


HURWITZ, A. (1894). 
[Zur Invariantentheorie. Math. Annalen, xly. pp. 381-404. ] 


This bears indirectly on determinants at several points, for 
example, on Cayley’s determinantal operator Q (pp. 385-387) ; but 
perhaps only once directly, namely, under ‘ Potenztransformation,’ 
where the theorem formulated (p. 391) regarding the determinant 
of such a transformation is in essence identical with Schlafli’s of 
1851. 


* Jacost, C. G. J. Zur combinatorischen Analysis. Crelle’s Journ., XXi. 
pp. 372-3874: or Gesammelte Werke, iii. pp. 453-457. 
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MUIR, T. (1894). 


[On the expressibility of a determinant in terms of its coaxial minors. 
Philos. Magazine, (5) xxxviii. pp. 537-541.] 

MacMahon’s theorem of the preceding year on this subject was 
an easy deduction from another, to the effect that the number of 
relations between the coaxial minors of an n-line determinant is 
2"—n?+n—2; but his proof of the latter was rather lengthy. 
The want Muir now supplies in three steps of a quite elementary 
character. First there is the self-evident proposition : If the rows 
of an n-line determinant be multiplied by x1, Xo, ... , X, respectively 
and the columns be then divided by xX, Xo, .- +5 Xp respectively, the 
determinant is unaltered in value, and each of the minors of the new 
form is, save for a connecting factor, equal to the corresponding minor 
of the original form, the multiplier in question being 

pe dw Oye 8d Bw des 

of the minor belong to the h”, k”, 1", ... rows and r”, s", t@, ... 
columns. To this there is the equally evident corollary that the 
connecting multiplier in the case of the coaxial minors, as in the case of 
the whole determinant, is 1: in other words, the coaxial minors remain 
unaltered by the transformation. Next, it is seen that the x’s may 
be so chosen that all the elements of any row except the element common 
to the row and the diagonal shall be 1. For example, after the multi- 
plications and divisions, the first row being 


ae rae ae oie Ain 

may be made to take the form 

Ce eer ey Oe eer 
by giving the a’s the values 

1) yihealieiiyee neem 
in order. This means that 2”—1 quantities, namely, the deter- 
minant and its coaxial minors, can be expressed in terms of n2 —(n—1) 
others, namely, the modified elements which are not equal tol; and 
therefore that after eliminating the latter we have 2”—n?+n—2 
relations connecting the former. The determinant taken as an 
example is 
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os ee ee ae 
[ieee be O 
i Gil «<€ 


Le On ee Coons Lilt, 
Calling it A, and its four coaxial minors of the third order A, B, ©, D, 


we have 1 1 


— 1 LC ee Eaten 
C = e—2 a D => b 2) t Ae! 
(1—a) (1—b) (1—c) (ae — 6) 


A = 


J 


abe 

whence one of the relations in question is found to be 
SA2B2C? — SAIBCD — 2EA®BC + 4DA?B2C — 6ZA?BCD ) _ 
+ DA‘ — 45A3B + 45A2BC + 6EA2B% — 40ABCDJ 


MUIR, T. (1894): NEUBERG, J. (1899). 


[On a theorem regarding the difference between any two terms of 
the adjugate determinant. Proceed. R. Soc. Edinburgh, xx. 
pp. 323-327. ] 

[Question 14167. Educ. Times, li. p. 199: Math. from Educ. Times, 

Ixxii. pp. 39-40.] 

The theorem is that the difference in question contains the original 
determinant as a factor. More than one proof is given. As an 
illustration of the most direct of them, applied to the case where the 
‘original determinant is | AboCad,¢5 |, We have 


\ ;B,CyDsE — A,BiC,D;E3 = A;B,C,D3E, Po A;B.C,D3E,2 


Eni 8,0, Ds Ey A BC, DBs 
+ A,B,C, D3E; — A,ByC,D;E3 

= A;D,E,|B,Cs| + BuCiDs | AsE2 | + AsBsC, | DaEs |, 
where | B,C, |, | AsEe |, | D,E;| all contain | a,b,c3d,e5 | as a factor, 
its cofactor in the full expression being 

| aodye5 | AsDgHy +- | bycgdq | + BsC,Ds — | aoe | - A,B,C). 

Attention is drawn to the form of the cofactor in the case where the 
original determinant is of the third order: and finally there is 
established the more general theorem that the difference of any two 
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terms of any minor of the adjugate determinant is a multiple of the 
original determinant. 


NETTO, E. (1894). 


[Erweiterung des Laplace's Determinanten-Zerlegungssatzes. 
Crelle’s Journ., exiv. pp. 345-352.] 

The ‘ Erweiterung ’ in question is a rediscovery, being merely the 
result obtainable at once on applying the Law of Extensible Minors 
(1881) to Laplace’s expansion-theorem ; and being, further, in the 
case where there are only two factors in the terms of the expansion, 
the result reached in similar fashion by Muir in 1879 (Hist., iii. 
pp. 79-81). Netto properly views as deducible from it Sylvester’s 
theorem of 1851 (Hist., ii. pp. 60-61). 

Of other results one established like the ‘ Erweiterung ’ is specially 
noteworthy as giving the product of n—1 determinants of the n'" 
order as an aggregate of terms each of which is the product of n 
determinants of the (n—1)order. For example, when nis 4, we have 


| @,bycyd, | -| a1 Po7V304 | - | A,B,C;D, | 


a Ag ag dy Ay A, A; A, 
Yiow¥a Bsn Var Cr Cems C, 
0, 02 ds Oi 6D, D, D, D, 
B, By B; B, 
Ue Cran, 
D, D, D; Dy 


=] sy | as¢3 | -| aaBry2 | - | asyaD, | -| B,C3D, |, 

the number of terms here being 4 - 6 - 4. 
It may be worth adding that in his paper on orthogonants, a 
month or so earlier in date (Acta Math., xix. pp. 105-114), Netto 


had already devoted a couple of pages to his extension of Laplace’s 
theorem. 
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FEHR, H. (1895). 


[Sur ’emploi de la multiplication extérieure en algébre. Now. 
Annales de Math., (3) xiv. pp. 74-79.] 


The only fresh subject suggested here for treatment is certainly 
extensive enough, namely, the theory of invariants. 


AHRENS, W. (1895, 1897). 


[Hin neuer Satz iiber die Determinanten. Zeitschrift f. Math. wu. 
Phys., xl. pp. 177-180.] 


[Ueber Beziehungen zwischen den Determinanten einer Matrix. 
Zeitschrift f. Math. wu. Phys., xiii. pp. 65-80. ] 


The new theorem referred to is Cayley’s of 1843 (Hist., u. p. 15), 
namely, that the vanishing of n—m-+1 of the m-line determinants of 
an m-by-n array entails the vanishing of all. What is new is the proof 
and the conditions attaching to it, the first condition being that the 
n—m-+1 determinants have to be suitably chosen, and the second 
that each one of them must have a primary minor that does not 
vanish. 

The second paper is considerably more important, containing a 
painstaking investigation of Sylvester’s more general theorem (Hst., 
ii. p. 52) in which the determinants concerned may be of a lower 
order, p say, than the m*, An inquiry suggested by this is also 
dealt with, and special cases illustrative of both matters are given. 


MUIR, T. (1895). 


[Further note on a problem of Sylvester’s in elimination. Proceed- 
R. Soc. Edinburgh, xx. pp. 371-882.] 


This is a continuation of the paper * of 1892 on Sylvester’s appli- 
cation of dialytic elimination to sets of ternary quadrics. It de- 


* The said paper gave rise to a number of others in addition to Cayley’s previously 
mentioned. What fresh interest they possess, however, does not centre in deter- 
minants. See Proceed. R. Soc. Edinburgh, 

Tarr, P. G. xix. (1892), pp. 131-182. 

McLaren, Lorp. xix. (1893), pp. 264-265. 

Muir, T. xxi. (1896), pp. 220-234, 328-341. 
Nanson, E. J, xxii. (1897), pp. 150-157, 353-358. 
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velops more fully the method there set forth, the set of equations 
being more general and the eliminant of the 12° degree. It must 
suffice to note that from one form of the latter there is obtained 
on specializing back to the original set the curious identity 
| @ h g ied Speen 
h b ie bg + 2hf | : 
see obo 
g ‘( c ch + 2fg ian 
af +2gh bg +2hf ch +2fg abe -+ 8fgh g 
where the determinant on the left is equal to the square of one of 
its own primary minors. 


| 
| 
| 


> 


STERNECK, R. D. v. (1895). 


[Beweis eines Satzes tiber Determinanten. Monatshefte f. Math. u. 
Phys., vi. pp. 205-207.] 
Here the multiplication-theorem is used, as on p. 117 of Muir’s 
text-book (1882), to prove Zehfuss’ theorem of 1858. The proof is 
no longer sketchy or merely suggestive, but is fully worked out. 


JENKINS, M. (1895): DAVIS, E. W. (1897). 


[On a shortened rule for ascertaining the sign of a given term of a 
determinant : and on some problems in which the application 
of the rule occurs. Messenger of Math., (2) xxv. pp. 60-68. ] 

[On the sign of a determinant’s term. American Journ. of Math., 

xIx. p. 383.] 

The main interest of Jenkins’ paper lies in its first part (pp. 60-64) : 
and although the ‘ new’ rule is only a rediscovery of that given by 
Bellavitis in 1857 (Hist., ii. pp. 96-97), the introductory discussion 
of sign-rules is sound and interesting. 

Davis’ rule is diagrammatic in character, and may therefore be 
classed with Tanner’s of 1879. 


AMIGUES, E. (1895). 
[Théoréme d’Algébre. Nouv. Annales de Math., (3) xiv. pp. 
496-497. ] 
The so-called theorem would seem to be that if the elements of 
a determinant be letters carrying a single suffix, and the suffixes 
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of each row form an equidifferent progression, the difference being 
constant for all rows, the terms of the determinant are isobaric. 


JACOBI, ©. G. J.; STACKEL, P. (1896). 
[Ueber die Bildung und die Eigenschaften der Determinanten. 
Ostwald’s Klassiker ... Nr. 77, pp. 1-49.] 


This is a translation of the De formatione ... of 1841. The editor 
appends six pages of useful notes (pp. 66-72). 


GASCO, L. G. (1896): GUIMARAES, R. (1897). 
[Reglas practicas para el desarrollo de las determinantes de cuarto 
grado. Archivo de Mat., 1. pp. 11-15.] 
[Régle pratique pour développer les déterminants du 4"° ordre. 
Assoc. franc .. . des Sct. (St. Etienne), ii. pp. 129-131.] 
Gascé’s first rule does not really differ from Teixeira’s of 1893, 
and the others are of less moment. 


PASCAL, E. (1896). 


[Sopra le relazioni fra i determinanti formati coi medesimi elementi. 
Rendic. . . . Istituto Lombardo (Milano), (2) xxix. pp. 436-438. ] 
This concerns the determinants arising from | @,, | by substituting 

for each of & columns a permutation of the elements of that column. 

The relation given includes Bagnera’s second relation of 1886, and 

is obtained by the obvious expedient of utilizing a vanishing com- 

pound whose elements are primary minors of an oblong array. 


PASCAL, E. (1896). 


[Su di un teorema del sig. Netto relativo ai determinanti, e su di 
un altro teoremo ad esso affine. Rendic. ... Accad. der Lancer 
(Roma), (5) v. (1) pp. 188-191.] 

Netto’s theorem of 1894 is here properly viewed as merely the 
extensional of Laplace’s expansion-theorem, and the mode of proof 
adopted is that originally used in establishing the general law of 
extensible minors. The other theorem is got by first applying the 
law of complementaries to Laplace’s theorem and then taking the 
extensional of the result. 
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SCHICHT, F. (1896): BRAND, E. (1896). 
[Beitrag zur Theorie der Determinanten. (Sch.-Bericht.) 2 pp. 
Prag-Altstadt. ] 
[Dérivée d’un déterminant. Journ. de Math. Spéc., xx. pp. 102-104.] 
The first of these merely re-establishes Cauchy’s theorem of 1812 
regarding the adjugate of a product. The second differs from 
Teixeira’s of 1880 mainly in notation. 


DERUYTS, J. (1896). 
[Quelques propriétés du déterminant d’un systéme transformable. 
Bull... . Acad. de Belgique, (3) xxxu. pp. 433-445. ] 
The real interest here is connected with the Theory of Quantics. 


BONOLIS, A. (1896). 
[Sul prodotto delle matrici. Gvornale di Mat., xxxiv. pp. 375-9.] 
The well-known theorem regarding the product of two m-by-n 
arrays 1s here established by first expressing the product as a deter- 
minant of the (m-+n)" order and then transforming it into a unit 
determinant bordered by the two arrays (Hist., ii. p. 200). The 
proof is fully worked out. 


MUIR, T. (1896). 


[The expression of any bordered skew determinant as a sum of pro- 
ducts of Pfaffians. Proceed. R. Soc. Edinburgh, xxi. pp. 342-359.] 
Three paragraphs of this (§§ 4, 5, 6, pp. 345-349) concern a theorem 
regarding determinants in general, namely, the expansion of any 
determinant in terms of any specified diagonal elements and deter- 
minants from which the said elements are excluded. For example, 


Sie | 
| aybocadye;, | = | @, Ay Ag A A,| + D(Cy| a, Ay ay a; |) 
Oy Oy eOs Dac 0s Dy 0s 0, 10. 
0.4. oe dd, . a, 


Cit Couee Cy 
+ 2 (egd4| dy ay As ) + Cdyes| a, My 


by by bs | b db: , 


| 
ey (a Gy 
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where the elements singled out are cs, d4, es. The mode of formation 
of the right-hand member is (1) to take the various combinations 
of ¢3, dy, €;, namely, 


ee Cygne ne epee Cale ae 
and (2) to take as cofactors of these their cofactors in the given 
determinant, only replacing in the latter the elements cs, d4, é, by 0 
in every Case. 

The five different expansions of | a,b,c,d,e;| which arise from 
selecting €;; ds, €53 Car Gg, C53 Oa) Cer Gay €53 A, Dg, Cy, A, Cp are 
given, and the mode of deriving either of a consecutive pair of these 
expansions from the other is pointed out. 


WELTZIEN, C. (1897). 


[Uber Produkte und Potenzen von Determinanten. Sch.-Progr. 
23 pp. Berlin.] 
[Uber Potenzen von Determinanten. Math. Annalen, |. pp. 282- 
284.,] 

Weltzien here makes a further advance, his theorem now in 
regard to ‘ products ’ being that the som of the k-line coaaral manors 
of the determinant which is the product of | an |, | Pin |, | Cm [> ++ - 
is not altered when the factors are cyclically permuted. For his other 
subject he takes advantage of a start made by d’Ocagne,* and 
establishes a recurrence-formula for the formation of the elements 
of any power of a determinant. If we denote the (h, k)” element of 
fagal?s | Gan [Ps | in (Po? - - > BY Cp, Cpa, Spm - - - respectively, and 
by o,, the sum of the r-line coaxial minors of | arn |, the formula rs 

Cp = O12p-1 — T2p-2 + Ggep-8. 57 es oi 
The mode of procedure, which is carried out with patience and 
skill, is to begin with the simplest case and to advance from case 
to case until conviction is reached of the truth of the general 
theorem. 

The so-called recurrence-formula, however, is simply the ‘ rela- 
tion’ established by Muir in 1885 and used by him in proving 


* Mémoire sur les suites récurrentes. Journ. de l Ecole Polyt., cah. 64 (1894) , 
pp. 151-224. 
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Cayley’s theorem in matrices. (See above, pp. 29-31.) Strictly 
speaking, indeed, it is included in Cayley’s theorem, and therefore 
dates back to 1857. 


NANSON, E. J. (1897). 
[On the relations between the coaxial minors of a determinant. 
Philos. Magazine, (5), xliv. pp. 362-367. ] 

This is a marked advance on the second part of Muir’s paper 
of 1894. (See above pp. 58-59.) By a different process of elimina- 
tion the relations in question in the case of a general determinant 
of the 4" order are obtained in the form 


DL CQ BR AQRL + 2BCD 

CP DM AR BRPM + 2CAD 

BP AQ DN CPQN + 2ABD | = 0, 

AL BM CN DLMN + 2ABC 
1 1 1 k 


where the eleven letters A, B,... represent simple functions of 
the coaxials, and é is the one which involves the full determinant. 
The five equations are equivalent to only two that are mutually 
independent. 


HATHAWAY, A. S. (1897). 


[Alternate processes. Proceed. Indiana Acad. of Sci., pp. 117-127.} 

Note is taken of this because it is a return to the old subject of 
those alternating and symmetric functions whose individual terms 
are got from a typical term by making changes in the order of the 
variables,—the subject which Cauchy in 1812 took as the starting 
point of his first great memoir on determinants and to which he 
returned with fresh views in 1841. Here, however, the ‘ process ’ 
of formation includes the dividing of the aggregate by the number 
of terms. Actual determinants are of course reached when the 
typical term is of the form 


(2) : po(£2) oNOM fn(%n) 


and the number of terms is »!. 
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TRAVERSO, N. (1897). 


[Su una formola d’analisi combinatoria. Periodico di Mat., xiii. 
pp. 43-47.] 

The problem here dealt with is to find the number of ways in 
which it is possible from the elements of an m-by-n array to form 
a term containing / elements belonging to each row of the array 
and k to each column. 


MUIRHEAD, R. F. (1897): A. C. (1897). 


[Question 13651. Educ. Times, 1. p. 484: Math. from Educ. Times, 
Ixix. pp. 52-54; Ixxi. pp. 121-122.] 
[Question 1139. Mathesis, (2) vii. p. 237; x. pp. 229-230.] 

The subject of the first question here is that referred to above 
(p. 36) as having interested Sylvester in 1850 (Hist., uu. p. 52), 
namely, the coevanescence of the k-line minors of a p-by-q array. 
A careful proof is given by Nanson of a theorem closely akin to 
Sylvester’s, that all of the minors will vanish of (p—k+1) (q—k+1) 
of them, properly chosen, vanish. 

The identity involved in the second question is 

| A,?B2C,? | = | a,b,¢s |. {| a,2b,2c7 | — 2 | bye; - Cotta - asd; |} ; 


unfortunately the proof given is merely an unattractive verification. 


MUIR, T. (1898). 


[The relations between the coaxial minors of a determinant of the 
fourth order. Transac. R. Soc. Edinburgh, xxxix. pp. 323-339. ] 

This continues the subject of Nanson’s paper of the preceding 

year, the explicit expression of | d,b,c3d, | in terms of its coaxial 

minors being now effected. The process is based (§§ 2, 3) on a 

theorem, not recognized as Cunningham’s of 1874, giving a deverte- 

brated determinant in terms of the coaxial minors, namely, 

ds eds U4 

Dies i Osage < 

Cpe Cg Lae CT aA a etdaton i> ar CalOaestan ered} 

d, dy dg . «es ped (arbe esd gee teh) Tees 


68 HISTORY OF THE THEORY OF DETERMINANTS 


it being thereby clear that a relation between the coaxial minors is 
assured as soon as we obtain an equation connecting the deverte- 
brated coaxial minors and the diagonal elements. In this way it 
is found that 

| aybocad, | 


= Lay | becydq | + E| a,b, | | cd, | — 2Da,b, |c,d,| + 6a,b.c5d, 


1 
se 2B. 4 38. me 36. — 2By Vy? + 48,828 y2? + 4816305 


= sgl + 48,826 /ys"* + 482P385 


— sg7 + 48, BsB5V'y32+ 4828586, 


where the (’s are the devertebrated coaxial minors of the 2" order, 
and the y’s are those of the 3" order. As the substitutions still to 
be made are of the type 

By = | ab | — abs, V1 = | Gbye5 | — Za, | bees | + 2ayboc, 
and as the expression thus to be transformed produces ultimately 
only six terms of | @,b,c3d, | its ungainliness is fully apparent.* 

By reason of the form of the result it is suggested that Nanson’s 
four-line determinant (see above p. 66) must be resolvable, and its 
resolution into four linear factors is actually effected (§§ 7-11), it 
being found possible to put it into the special bi-axisymmetric 
form known to us from Bellavitis (1857) and Ferrers (1861).+ 

In a later part of the paper (§ 17) the other relation, namely, that 
from which | a,b,c,d,| is excluded, is given in the symmetrical 
form 


yal =1 Y2 


ae SS +- 5 
2(—B,8o8.)8 2(—ByByB,) 


“Et ogg tas Sea A egg ieee eee 
2(—BeBsSe)* 2(—BsBsBe)® 


* These troublesome six terms are 


0. = cos 


— AgbgCod, — Ayb40,dy — AybgCqdy — AgbyCydy — A3b,C4dg — Ayb4c,d,. 
t See below in Chap. XXII. under Muir, 1898. 
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METZLER, W. H. (1898). 


[A theorem in determinants. American Journ. of Math., xx. 
pp. 273-276. ] 
From our account of Binet’s memoir of 1812 Metzler extracts the 
equality (Hvst., i. p. 86) 
Ea, -D| reo | + Ly1-D| A122 | + Ve- TZ] Myo | = =| ery 22s | 
in regard to a 3-by-n array, and the equality (p. 92) 
Dt D| LyYo%s3 | — Ta, - Z| Yrrets | + Vy1- Z| Arlo | 
— 24-2] trys | = 0 
in regard to a 4-by-n array: and taking a 4-by-6 array proves that 
=M,(1, 2). =M,(3, 4) — =M,(1, 3). =M,(2, 4) +... 
4M, (3,.4)> 2M. (1, 2) = 2>M,(1, 2, 3, 4), 
where =M,(a, 8, y,...) is used by us temporarily to denote the 
sum of all the r-line minors formable from the rows a, 6, y,... 
He then formulates a general theorem in regard to an m-by-n array, 
the left-hand member being an aggregate of (m), products, of which 
the first factor is the sum of the r-line minors formable from r rows 
and the second the like sum formable from the m—r complementary 
rows, and the right-hand member is a multiple of ©M,,,(1, 2,..., ™). 


ANISSIMOFF, W. (1898). 


[Sur une formule nouvelle rélative aux déterminants, et son appli- 
cation A la théorie des équations différentielles linéaires. Math. 
Annalen, li. pp. 388-400. ] 

The ‘formula’ here carefully established (pp. 389-393) is Schlafir’s 
of 1851 regarding a particular power of a determinant (Hist. il. 
pp. 52-53); and the ‘application’ is to a theorem already dealt 
with by Malmsten and Tissot regarding the particular integrals of 
a linear differential equation (Hist., il. pp. 220, 222). 


TRAVERSO, N. (1898). 


[Sopra la differenza di due determinanti qualunque. Periodico di 
Mat., xiii. pp. 146-148. ] 

The author here again (see above, p. 67) proposes for himself a 

widely-stretched generalization, namely, from any determinant 
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| a,, | another determinant having been formed by changing a 
number of elements a, a,,,..- into by, b,,,...he seeks to 
obtain an expression for the difference between the original and the 
derived determinant. 


STUDNICKA, F. J. (1898, 1899). 


[O determinantni symbolice vabec a pridruzenych determinantech 
vy8Sich Fada zolast. Véstnth Ceské Akad. ..., vii. pp. 73-81.] 
[Dodatek k symbolice determinantni. Véstntk Ceské Akad. ... : 
vu. pp. 159-164.] 

[Beitrage zur Determinanten-Theorie. Monatshefte f. Math. u. 
Phys., x. pp. 1-17.] 

The notation proposed here for | a,, | is a complication of others 
already on record: ‘ adjugate ’ is unfortunately used as equivalent 
to ‘compound,’ so that A(A,,) comes to be proposed as the symbol 
for the adjugate of A,,, and A,‘(A,) for the so-called ‘ adjugate ’ of 
the h'" class and k"" order: and known theorems regarding such 
matters are tediously verified for the case where A, is a simple 
4-line or 5-line recurrent. The iteration of the symbol C, standing 
for “ complementary of,” is also dealt with, the result being 

(n—1)*-1 
C*(a,s) Ss Grs(An) oR 
(n-1)"*-1 n-1 


Cs '(@;s) = vA (ale ) . rs 


v 


As a further illustration, the adjugate of | ale... |, IS con- 
sidered, and by removing from it the (n—2) power of | abc? . . . |, 
a known equivalent of | a%'c? . . . |,, is obtained. 


STUDNICKA, F. J. (1898). 


[Nova poutka determinantni. V¥stnik Ceské Akad. ... raya DO: 
167-169. ] 


The theorem in question is that if k columns of a determinant be 
such that the elements of each of their rows form an arithmetical pro- 
gression of the (k—2)" order at most, the determinant vanishes: for 
example, when k is 4, we have 
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Let Ark OP N16. Vara, 

29 16" 25° 9b, "G5 

UME Ome et OO lene Cp 

sone coy 100 Oo - Op™ de) =U. 

Zotar Ome ee er Lie, 

ea icity As 

Strangely enough, the method adopted for verification is the re- 
peated use of Chio’s condensation-theorem of 1853. 


STUDNICKA, F. J. (1898). 

[Jak vyj4dri se subdeterminant k-tého stupné soucinu dvou deter- 
minanta n-tého stupné pomoci prislu3nych subdeterminanti 
jejich. Véstnik Ceské Akad. ..., vii. pp. 239-247.] 

The outcome is the familiar expression obtained for a minor of 
the product-determinant from viewing the said minor as the product 
of two oblong arrays. 


MASSIP, L. (1898): BITALE, I. B. (1898) : 
HATZIDAKIS, J. N. (1898). 


[Démonstration du théoréme de Janni. Journ. de Math. Spéc., xxii. 
pp. 102-103. ] 


[Tevicwrépa poppy Tav Jewpnuatwv Tov G. Fouret. “AOnva, x. pp. 
401-408. } 


[Ilepi yercay Twvev avartuypatev opikoucay Kat TOY apoTarTewy 
rou G. Fouret. ’A@yva, x. pp. 558-559. ] 
The theorem dealt with in the first paper here is that of 1874 
regarding change of sign in elements whose place-numbers are 
unlike. The other papers concern Fouret’s rediscoveries of 1886. 


WAELSCH, E. (1898). 


[Ueber. eine geometrische Behandlungsweise der Elemente der 
Determinantentheorie. Monatshefte f. Math. wu. Phys., ix. 
pp. 207-214. ] 

Not unnaturally the arrangement of the elements of a deter- 
minant in square array suggests that the pont in geometry may be 
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looked on as an analogue of the element; but the extending of the 
analogy, as here attempted, leads to artificialities. The set of 
points corresponding to the elements which form a term is viewed 
in geometry as an entity called a ‘ Normaleck’: a ‘ Normaleck ’ is 
classed as odd or even according as an odd or even number of 
‘ascents ’ must be made in passing in a certain direction—north- 
west, say—from each point of it to every other point, an ascent 
being thus the analogue of a derangement: andsoon. The outcome 
of thus pressing the analogy is not encouraging. 


STEPHANOS, C. (1898). 
[Sur un mode de composition des déterminants et des formes bi- 
linéaires. Giornale di Mat., xxxvi. pp. 376-379.] 


There is here included another way of arriving at Zehfuss’ theorem 
of 1858, but the theorem with which it is associated is formulated 
for the first time. In different phraseology it is that each latent 
root of the mn-line product for | ay, |"-+| by, |" is the product of a 
latent root of | a4, | and a latent root of | by, |. 


NANSON, E. J. (1898, 1899). 
[Questions 13925, 14258. Kduc. Times, li. p. 328; hi. p. 301.] 
The first proposition here is that the (n), equations of the type 
| abe |+| asby| — | ayby|-| agby | + | aby] -| agbs| = 0 
which connect the minors of the array 


240) ale ree 

b.® bye ae 
are equivalent to only (n—2), equations. The second proposition is 
that the vanishing of all the (m--1)-line minors that involve the elements 
of a single non-vanishing m-line minor of | ay, | 2 dependent on 
3(n—m)(n—m-+-1) conditions, the proposer’s fresh point being that 
the m-line minor need not be coaxial with at 


MUIR, 'T. (1899). 


[Determination of the sign of a single term of a determinant. Pro- 
ceed. R. Soc, Edinburgh, xxii. pp. 441-477, ] 


This paper, extending to 37 pages, is an orderly arranged account 
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of the subject. After an explanatory and historical introduction 
(pp. 441-446) regarding five of the rules in use, a chapter is devoted 
to ‘ inverted-pairs ’ (pp. 446-464), considerable space being given to 
the problem of finding in how many (V,,;) of the permutations of 
n things the number of inverted-pairs is 6. Besides other matters 
the difference-equation of V,,, ; is found, a table of its values is given, 
and the problem is shown to be identical with two already known 
problems in combinations. ‘ Moves’ and ‘ interchanges’ are then 
shortly dealt with, and the nature of their connections with inverted- 
pairs made clear. Lastly, the properties of ‘ circular substitutions ’ 
are treated of at some length (pp. 468-475), and especially those 
connecting them with interchanges. It may be noted too that under 
the first and fourth headings a subject which receives attention is 
that of conjugate permutations. For ease in reference the more 
important properties are carefully formulated throughout, and a 
two-page list of contents is given at the end. 


MULLER, E. (1899). 

[Beweis einiger Determinantensitze mittels der Grassmann’schen 
Ausdehnungslehre. Zeitschrift f. Math. u. Phys., xliv. pp. 
28-40. | 

The proofs with which Scott and others have already made us 
familiar are supplemented here, the fresh theorems for treatment 
being the ‘extensional’ of Laplace’s expansion-theorem and 

Sylvester’s theorem of March 1851. 


LERCH, M. (1899). 
See under this heading in Chap. VI. 


STUDNICKA, F. J. (1899). 
[Nové doplnky nauky determinantni jakoz i upotitebeni jejiho. 
Vestnik Ceské Akad. .. ., viii. pp. 59-67, 197-208.] 

The first of the contributions here (pp. 59-61) really only amounts 
to saying that a determinant will vanish if one of its compounds 
vanishes; and the fifth (pp. 197-199) discusses the consequences 
of the vanishing of the central secondary minor of a determinant. 
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STEPHANOS, C. (1899). 


[Sur une extension du calcul des substitutions linéaires. Comptes 
rendus ... Acad. des Sci. (Paris), exxviil. pp. 593-596. ] 

In the account here given of the author’s ‘conjonction’ and 
‘composition bi-alternée ’ of two bilinear forms, as contrasted with 
the ordinary ‘composition’ of Frobenius, several determinant 
theorems make their appearance, most of them, however, already 
made known by Frobenius, Rados, or Stephanos himself. (See 
above, p. 72.) Those of freshest interest concern latent roots. 


MUIR, T. (1899). 


[On a development of a determinant of the mn order. Transac. 
R. Soc. Edinburgh, xxxix. pp. 623-628.] 

The main result here is the expression of a determinant of the 
mn" order as an aggregate of determinants or of permanents of 
the m order, each of whose elements is a determinant of the n‘" 
order. For example, when mn is 6 we have 


boty | | agbgc | 
eae => | bc. 4506 
| ayboeadaes fe | dyes | | yesfo| |; 
an | | 
| abo] | asbul | asbo| 


| @becsdies fe | = x [edo] |esdy| | esd | 
lefe| |esfil lesfelt, 

there being included under the sign of summation 10 terms in the 
former case and 15 terms in the latter. As a first step in the estab- 
lishment it is proved that if the rows of a determinant of the mn" 
order be separated by horizontal lines into n sets of m rows each, and 
the columns be similarly divided, the result may be viewed as roughly 
representing a compound determinant of the n'* order, each of whose 
elements 1s a determinant of the m'" order and a minor of the original 
determinant, and each term of the compound determinant thus arising 
will produce (m!)" terms differing at most only in sign from terms of 
the original determinant. In the next place it is shown that the 
number of ways of breaking up mn things into n sets of m each is 


(mn)\/(m!)rn! . 
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Tn the third place a theorem regarding inverted-pairs is established 
which readily leads to the following: Jf the first mn integers be 
separated into n successive groups of m each, say the groups 
Aye As, +s 35 Ans 

then, when m is even, any one of the n! permutations of A,A,... Ay 
has an even number of inverted-pairs of the mn integers more than 
the standard permutation A,A,...A, has: and when m 1s odd, 
has an odd or even number of inverted-pairs more, according as the 
suffixes of the A’s have an odd or even number of inverted-pairs. On 
these three results the validity of the new expansion is based. 


LOVETT, E. O. (1899). 


[A theorem in determinants. Annals of Math., xii. pp. 161-163. ] 
This is a much belated rediscovery, the theorem being the so-called 
Sylvester theorem of 1839 regarding an aggregate of products of 
pairs of determinants. 


BES, K. (1899). 


[Théorie générale de l’élimination, d’aprés la méthode Bezout, 
suivant un nouveau procédé. Verhand.... Akad. van Wetens. 
(Amsterdam), (1) vi. no. 7, 121 pp.] 

This is a clearly and simply written exposition. The investiga- 
tion of a given set of m linear homogeneous equations in » unknown 
2s is carried out with the help of the n similar equations in m 
unknown £’s whose (r, s)"" coefficient is the same as the (s, ny 
coefficient in the given array. From this standpoint an array 
(‘assemblant’) is considered not to vary on the change of rows 
into columns, and the cases that fall to be examined are (1) that 
in which neither set of equations can be satisfied, (2) that in which 
only one can be satisfied, and (3) that in which both can be satisfied, 
—a division held to be equivalent to (1) m=n, (2) array non-evanes- 
cent, (3) array evanescent. The second chapter (pp. 34-58) concerns 
two binary quantics, the third concerns three ternary quantics, and 
the fourth generalizes.* Although the procedure here agrees in 


*See also Bes, K., On the formation of the resultant. Proceed. R. Acad. 
Amsterdam, ii. (1899), pp. 85-88. 
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essence with Cayley’s of 1848, and therefore cannot fairly be said 
to be new, it is manifestly the author’s own, and the account of it 
does not, like Cayley’s or even Salmon’s, induce neglect from want 
of helpful detail. 


NANSON, E. J. (1900). 


[On certain determinant theorems. Crelle’s Jowrn., cxxii. pp. 
179-185. ] 


Although this paper professes to show merely that most of Netto’s 
theorems of 1894 are immediate corollaries of Muir’s law of 1881, 
it in reality does much more. First of all, the Law of Comple- 
mentaries and the Law of Extensible Minors are formulated and 
established anew. He then shows the effectiveness of these laws 
in arriving at determinant equalities, and in binding an assemblage 
of such equalities into a compact whole. The particular theorems 
which he so knits together by way of illustration are Laplace’s 
expansion-theorem (1772), Cauchy’s theorem regarding the adjugate 
(1812), Jacobi’s regarding a minor of the adjugate (1831), Sylvester’s 
regarding compounds (1851), Franke’s regarding a minor of a com- 
pound (1862), Muir’s extension of Laplace’s theorem (1879), and 
Netto’s similar extension (1894). He also makes his own contri- 
bution to the list, namely, an expansion like Laplace’s for a i 
whenr > 2. This he obtains by taking the complementary of that 
form of Laplace’s theorem in which each term consists of 7 factors ; 
for example, knowing that 


| a,bycydye5| = vs Ayby| + | egdy | es}, 
he deduces 
| aybecgdye5|2> = 2) {| Ay boC3dq | + | aybses || C3 yes |}. 


We may recall that by taking the extensional of this, say the exten- 
sion f,g7, there is obtained 


| @yb2estaesfo97|" + |fe9r] = 2 {| a becgdy f, 697 | + |@1b2¢5.f6 | | Cyd ges fe9l } 
as observed by Pascal in 1896. 


CHAPTER, II. 
TEXTS-BOOKS, FROM 1880 TO 1900. 


AuTHOUGH the number of text-books and other publications of a 
text-book character is not appreciably different from what it was 
in the preceding period, there is considerable convenience to the 
reader in having them segregated from their former fellows, whose 
number has greatly increased. About a dozen languages are repre- 
sented, being one or two fewer than before: on the other hand, 
Serbia appears for the first time with a good text-book in her own 
language, and Spanish works are effectively supplemented by one 
from Argentina. German still heads the list with double the 
number in either French or English. 

Fortunately, in accordance with their dates, some critical papers 
on the subject of text-books, and generally on the teaching of deter- 
minants, fall to be noticed at the outset. 


HOFFMANN, J..C. V., DIEKMANN, J., ERLER, _,, 
BARDEY, E., GERLACH, (1880-1882): DOTSCH, G. (1880): 
JENRICH, P. (1882). 


[Determinanten oder nicht? Eine Gefahr! Zeitschroft f. math. uw. 
naturw. Unterricht, xi. pp. 3438-360; xii. pp. 84-85, 95-99, 
193-196, 413-417, 425-427; xili. pp. 111-114, 171-186, 356, 
442-443, | 

[Zum Unterricht in der Determinantenlehre. Blatter f. d. bavr. 

Gymn.-u.-Realschulwesen, xvi. pp. 25-28. ] 

[Beitrage zur Methodik des mathematischen Unterrichts mit Beriick- 
sichtigung der Determinantenfrage. Sch.-Prog. 41 pp. 
Magdeburg. ] 

What we have here is a lengthened discussion of the position and 
value of determinants in the mathematical section of the school 
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curriculum, together with suggestions as to the best mode of intro- 
ducing the subject to the learner. On all these points the writer of 
the leading paper shows himself pedagogically sound and experienced. 


CARDENAS, A. RUIZ DE (1878): FRASCARA, G. A. (1880): 
HOPPE, R. (1880). 


[Primi notizie intorno al calcolo dei determinanti. Annali del R. 
Ist. Tecn. e Naut., vii. pp. 87-117.] 
[Sui Determinanti. 46 pp. Genova.] 
[Elemente der Determinantentheorie. Archiv d. Math. u. Phys., 
Ixv. pp. 65-72. ] 

The first two writings are quite elementary expositions, not calling 
for any special note.* 

Hoppe gives a very condensed presentation of the elements 
suitable for teachers. 


KLEMPT, D. A. (1880). 


[Lehrbuch zur Hinfiihrung in die moderne Algebra. xii+260 pp. 
Leipzig. | 

The subjects dealt with are quite similar to those of Salmon’s 

Modern Higher Algebra. The book, however, is intended for less 

advanced students; and to such, by reason of its fuller exposition 

and its large number of simple exercises, it ought to be serviceable. 


SCOTT, R. F. (1880). 


[A Treatise on the Theory of Determinants, and their applications 
to Analysis and Geometry. xi+251 pp. Cambridge.] 


This is noteworthy as giving for the first time to the English- 
speaking student a reasonably full account of the subject. No 
branch of any note is neglected, even a chapter on cubic deter- 
minants being included.t At the end there is given a valuable 


* For belp in learning about them I am indebted to the kindness of Professors 
G. Loria and G. Lazzeri. 


} Curiously enough Sylvester’s important theorem of 1839, 1851 (Hist., ii. 
pp: 61-62) has been found omitted from it, 
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collection of exercises, about a hundred in number, and most of 
them of the kind deserving record as being statements of more or 
less useful properties. There is appended also a bibliographical list 
containing about 200 titles. A special feature of the exposition is 
the prominence given to the use of so-called alternate numbers, the 
resolution of a determinant into a product of such numbers being 
employed at the very outset to evaluate the determinant 


COS (4, +42) Cos (a,+4s) 
COS (@,+d,) 3 COS (dg+4@s) 
COS (4g+,) COS (43-+4a) 


CK Fe 


and being repeatedly recurred to later in the establishment of the 
general properties. 


HESSE, O. (1880): MANSION, P. (1880): BALTZER, R. (1881) : 
BRUNO, F. FAA DI (1881). 


[Die Determinanten, elementar behandelt. (Translation into Polish 
by Zdziarski.) Warsaw. ] 
[Kléments de la Théorie des Déterminants,.... 3° éd. 64 pp. 
Mons. ] 


[Theorie und Anwendung der Determinanten. 5'* verbesserte und 
vermehrte Auflage. vi+279 pp. Leipzig.] 


[Hinleitung in der Theorie der Binaren Formen. .... Deutsch von 
T. Walter. vili+379 pp. Leipzig. ] 

Mansion very considerably enlarges and improves his German 
edition of 1878, the chapter on elimination, etc. (pp. 41-63), natur- 
ally receiving most attention. 

The new edition of Baltzer, the last of all, has received only 
slight enlargement, but-the same careful revision and amendment 
as its predecessor. Most of the alterations are in the section on 
‘ applications.’ 

In the German edition of Bruno, produced with the help of 
Noether, there is quite a number of alterations and extensions, the 
value of the book being increased thereby. 
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GROLL, R. (1881): KAISER, H. (1882). 


[Die Determinanten fiir den Schulgebrauch. Sch.-Progr. 20 pp. 
Quackenbriick. | 
[Die Anfangsgriinde der Determinanten, in Theorie und Anwendung. 
Zur Selbstbelehrung leichtfasslich bearbeitet. viii+41 pp. 
Wiesbaden. | 

The first author here teaches by means of the simplest particular 
instances, and is not sparing in explanation: the second by means 
of general propositions accompanied by the minimum of illustration. 


Neither pamphlet seems to justify its existence in view of others of 
like kind. 


BURNSIDE, W. 8 anp PANTON, A. W. (1881). 


[The Theory of Equations, with an introduction to the theory of 
binary algebraic forms. (Chap. XI. Determinants, pp. 221- 
265.) xvi+387 pp. Dublin.] 

This is in some points better than the usual chapter given in such 

a book. The exercises, for example, are chosen so as to be of value 


apart from the practice which they afford the reader, and sometimes 
involve fresh results. 


THOMSON, W. (1881). 


[An Introduction to Determinants, with numerous examples. For 
use in Schools and Colleges. viii+-101 pp. Edinburgh] 

Another want felt in English is here supplied, namely, an ele- 

mentary exposition accompanied by a variety and sufficiency of 


easy exercises to enable the less advanced student to handle deter- 
minants with reasonable facility. 


MUIR, T. (1881). 
[A Treatise on Determinants. With graduated sets of exercises. 
For use in Colleges and Schools. viii-+240 pp. London. ] 
This is a students’ text-book intended to make readers interested 
in the theory for itself, and not merely as a pleasant auxiliary to 
other branches of elementary mathematics. No separate chapter 
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or section is devoted to the ‘ applications’: examples of such are 
only given at suitable points in illustration of the theory : geometry 
1s not at all referred to. There is thus made possible a fuller state- 
ment of the theory, the 240 available pages being allocated to a 
simply-written chapter on determinants of the 2"", 3" and 4 orders 
(pp. 1-23), a chapter on general determinants (pp. 24-148), a chapter 
on special forms (pp. 149-227), and a chapter containing a historical 
and bibliographical summary. Nineteen sets of exercises are given 
at intervals,—436 exercises in all. 

‘As an instance of fresh matter in regard to general determinants, 
we may note a proof of the Law of Complementaries (p. 142). M, 
being used to denote an r-line minor of | a,, |, the known equality 
can be put in the form 


MAVUMe nce cla 208 == MEM OMe eres. oe, 
where of courser +s+it+...=ptotTt...- Now this, 
being true in regard to every determinant, must hold when the 
corresponding minors Jtl,, #., . . . of the adjugate are substituted : 


and, as we have 
Si, ==) Gj, ("12 M,,, 
where M,,_, is the cofactor of M, in | a» |, it follows that 
| Ain po Mae ¥ | Gin ee : | Gin Pe Mit 6 OO a8 O Om 
= | Ge eal a | An |? Meee | Gin ProM yee OO ae C0 O00) 
whence, on division by the lowest power of | a, | contained in any 
term, there results the new identity predicated. 

The subject, also, of vanishing aggregates of products of paars of 
determinants receives (pp. 121-128) fuller attention than in any other 
text-book, Sylvester’s theorem of 1839 being first carefully proved 
(§ 85), and then his generalization of 1851 (§§ 86, 87). The difficulty 
of specifying signs in the latter is got over by modifying the enuncia- 
tion, namely, The product of two determinants of the same order 1s 
equal to the sum of like products obtained from the original by inter- 
changing q chosen columns of the one determinant with every set of 
q columns of the other in succession, the interchange of q columns with 
q columns being effected by interchanging the first column of the one 
set with the first column of the other, the second column of the one with 
the second of the other, and so on. 
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SUAREZ A. y GASCO, L. G. (1882): BACAS, D. 
y ESCANDON, R. (1883). 


[Lecciones de coordinatoria con las determinantes y sus principales 
aplicaciones. xvi+451 pp. Valencia.] 

[Teoria elemental de las determinantes y sus aplicaciones al algebra 
y 4la trigonometria. 196 pp. Madrid.] 

To the first Spanish text-book on determinants some special 
interest attaches, an unusually large portion of it being occupied 
with the auxiliary subject of * coordinatoria,—that is to say, com- 
binations and permutations. The contents of the book are (1) 
seven lessons (146 pages) on ‘ coordinatoria,’ (b) ten lessons (242 
pages) on determinants, and (c) three short lessons on applications. 
In all cases the exposition is made with great care, and in fullness 
it even exceeds that of Dostor. 

The other text-book is more ordinary in character, and less 
accurate. It takes over from Dostor two pages on ‘ déterminantes 
multiples,’ and some of its ‘ applications to trigonometry ’ are less 
appropriate than Dostor’s. 


SHAPOSHNIKOFF, — . (1882). 


[Elements of the Theory of Determinants. (In Russian.) 35 pp. 
Moscow. | * 


MANSION, P. (1882, 1883, 1886): DCSTOR, G. (1883). 


[Introduction & la Théorie des Déterminants,.... 2° édition. 
32 pp. Gand.] 

[Hléments de la Théorie des Déterminants,.... 4° édition. iv-+80 
pp. Paris. ! 

[Hlemente der Theorie der Determinanten,.... 2% vermehrte 


Auflage. xxiv-+56 pp. Leipzig.] 
| Kléments de la Théorie des Déterminants,.... 2° édition, xxxiv 
+361 pp. Paris.] 
In these new editions Mansion enlarges and improves both the 
Introduction and the Eléments, the latter being now almost quite 


* Not seen, 
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double its original size. Save for the arrangement, the German 
edition of 1886 does not differ from the French edition of 1883. 
Dostor’s book is also slightly larger. 


EGIDI, G., KROBER, ., BUNKOFER, W., VALENTA, J. 
(1883). 
[Trattato Elementare dei Determinanti e loro Applicazioni, estratto 
dalle... xvi+196 pp. Roma.] 
[Die Determinanten fiir den Unterricht bearbeitet. Sch.-Progr. 
30 pp. Bischweiler.] 
[Die ersten Elemente der Determinantentheorie. 27 pp. Tauber- 
bischofisheim. | 
[The Theory of Determinants (in Czech). Sch.-Progr. Prag.] 

The first of these is a well-intentioned contribution, but shows 
no advance on previous Italian text-books either in teaching skill 
or in freshness, being little more than a series of conscientiously 
framed definitions, theorems and corollaries. As a specimen we 
may note that the equality which for the 4 order is 


a b c ad 
See) MM YE A hod 

—¢ ~—b o 2 

Ot b ee Cid 


is carefully formulated as a theorem, the wording of which occupies 
seven well-filled lines. 

The second is a fair specimen of the school ‘ program’ of the 
purely class-room type. The third is equally elementary, but less 
workmanlike. The fourth has not been seen. 


LEBOULLEUX, L. (1880, 1884). 


[Traité élémentaire des déterminants. 175 pp. Paris.) * 
[Traité élémentaire des déterminants, contenant 299 exercices. 
viii+184 pp. Genéve.] 
A very elementary ‘ treatise.’ To two-line determinants 18 pages 
are devoted, to three-line 33, to n-line 66, and then follow 64 pages 


* This I have only seen referred to, The other makes no mention of a previous 


edition. 


84 HISTORY OF THE THEORY OF DETERMINANTS 


of mixed matter, mainly worked-out exercises. The author is a 
willing and profuse guide, but not always safe. 


LONGCHAMPS, G. DE (1883). 


[Algébre. (Déterminants, etc., pp. 64-111, 637-664.) xii+671 pp. 
Paris. | 
Longchamps’ exposition is of the type usual in such a book, save 
as regards the very full consideration given to linear equations 
(pp. 88-111). 


ALBUQUERQUE, J. A., SCHRADER, ., REUSCHLE, C. (1884) : 
KAISER, H. (1885). 


[Primeiros principios da theoria dos determinantes, para usos dos 

lyceos. vui+55 pp. Paris.] 

[Die Determinanten im Schulunterricht, und ihre Anwendung auf 
Gegenstinde der analytischen Geometrie. Sch.-Progr. 23 pp. 
Halle a. 8.] 

[Determinantentheorie. Erstes Kapitel, Einfiihrung in die Deter- 

minantentheorie. 16 pp. Stuttgart.] 

[Die Determinanten fiir den ersten Unterricht in der Algebra. 

23 pp. Wiesbaden. } 

The first of these is an elementary text-book with suitable exer- 
cises, somewhat resembling in its aims Mansion’s Eléments, and 
therefore likely to be useful for Portuguese schools. The second is 
a school-program with only six pages expository of determinants, 
and fourteen devoted to coordinate geometry. The third and fourth 
resemble school-programs of the most elementary type. 


SALMON, G. (1885). 


[Lessons introductory to the Modern Higher Algebra. 4' ed. 
xvi+360 pp. Dublin.] 

To this, the last, edition the most noticeable extensions concern 
binary quantics: in determinants proper only about a score of 
exercises are added. In connection with Schlafli’s expressions for 
| a,b. |%, | a,b. |6, ... it is pointed out how, from considering the 
eliminant of 
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(cye-+exy) (42-4) = 0 

(a,x +Agy) (b)2-+boy) = 0 
a known identity may be reached: also how the 3-line minors of 
the array 


(b,0 +boy) (qx+exy) = | 


2 2 2 
ay b, C, BG, CO, a,b, 
2a,0, 2b,b, 2¢,Cg DyCgtDoC, 64g +Cy0,  4,b,+a2b, 
2 
Ay Det ie bCo Cds ADs 


are ascertained to be ternary products of | b,c, |, | ¢@2 |, | @102|. 


SICKENBERGER, A. (1885): TARTINVILLE, A. (1885, 1886). 


[Die Determinanten in genetischer Behandlung. Eine Einfiihrung - 
in die Lehre von den Determinanten. Sch.-Prog. 80 pp. 
Miinchen. | 

[Premiére legon sur les déterminants. Paris. | 

[Seconde lecon sur les déterminants. Paris. ] 


This school-program of the expository type is better and much 
more extensive than any of its immediate predecessors. The author 
devotes 12 pages to determinants of the second degree, 38, to those 
of the third degree, and 30 to determinants in general. Though 
explanation may be overdone, the method is in general sound. 

The two ‘ legons ’ I have not seen. 


GORDAN, P. (1885). 

[Vorlesungen iiber Invariantentheorie. Herausg. von Dr. Georg 
Kerschensteiner. Erster Band: Determinanten. xii+-202 pp. 
Leipzig. | 

This volume is divided equally between ‘theory’ and‘ applica 
tions.’ 

The first half, though freshly written, shows no improvement on 
previous expositions, the explanations and illustrations being some 
times a little overdone, and yet not too effective. While dealing 
with the transposition of rows, attention is given (pp. 28-31) to the 
problem of transforming a determinant so as to have in the diagonal 
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any given set of elements that may form a term,—a matter at the 
basis of such proposals as those of Bonolis, Teixeira, etc. 

The second half is considerably more interesting, the treatment 
of the solution of linear equations (pp. 101-120) being very readable, 
and the improvement being still more marked in the chapters dealing 
with the resultant of two binary quantics (pp. 131-166, 174-186) 
and with the discriminant (pp. 185-196). 


CARR, G. S. (1886): HAGEN, J. G. (1891). 


[Determinants,.... Synopsis of Elem. Results in Pure Math., 
pp. 144-158, ....] 
[Theorie der Determinanten,.... Synopsis der hoheren Math., 


1. pp. 215-228, 189-193, .. . .] 

The interest of the first of these synopses does not lie in the 
necessarily meagre collection of ‘results,’ but in an unexpected 
subject-index (pp. 841-935) to the mathematical papers published 
in thirty-two serials during the preceding part of the century, also 
in a table showing at a glance the current volume-number of any 
one of the serials for each year from 1801 to 1885. 

The second synopsis is meant for more advanced students, and 
is most carefully drawn up: in usefulness, however, it naturally 
falls short of a good text-book. 


YOUNG, T. E. (1886): JANNI, V. (1886): DOLP, H. (1887): 
HATTENDORF, K. (1887): SICKENBERGER, A. (1887). 
[A note on determinants. Journ. Inst. of Actuaries, xxvi. pp. 
149-152. ] 7 
[Lezioni di Algebra Complementare. ‘Terza edizione, corretta 
ed ampliata. (vili)4-272 pp. Napoli.] 


[Die Determinanten.... 3" Auflage. 94 pp. Darmstadt.] 
[Kinleitung in die Lehre.... 2% Ausgabe. 60 pp. Hannover.] 
[Die Determinanten.... 2" Abdruck. viii+80 pp. Miinchen.] 


The first of these is an expository trifle. The second is an im- 
proved and enlarged edition of a text-book first published in 1876, 
but known to us only from being quoted by Giinther and Pascal 
(Hist., ui. p. 460). The others are practically reprints. 
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CAPELLI, A. r GARBIERI, G. (1886). 
[Corso di Analisi Algebrica. Vol. I. Teorie Introduttorie. vii+ 
511 pp. Padova.] 


The fourth chapter of this ‘ Course’ (pp. 273-363) is devoted to 
the pure theory of determinants. It is sound in quality, like other 
previous Italian expositions of the same type—Rubini’s of 1863, for 
example, and Janni’s of 1876—gives proper evidences of improve- 
ment and progress, and though merely part of a book on general 
algebra is almost as full in its treatment as special text-books of a 
few years before. A portion also of the next chapter (“Systems of 
Linear Forms ’) is, strictly speaking, an addendum, the subject being 
the evanescence of arrays (pp. 387-400). 


HANUS, P. H. (1886): PECK, W. G. (1887). 


{An Elementary Treatise on the Theory of Determinants. A text- 
book for colleges. viii+218 pp. Boston, U.8.A.] 
[Elementary Treatise on Determinants. iv+47 pp. New York 
and Chicago. | 

Although, avowedly, the author of the first of these text-books 
makes free use of a number of previous works of the same kind, 
and specially mentions those of Muir and of Burnside and Panton, 
the result is a fresh whole, more homogeneous, indeed, than the 
works of some authors who are less frank. It consists of an intro- 
ductory chapter of 16 pages, a chapter of 65 pages on general deter- 
minants, and a long chapter readily separable into two, namely, one 
on the use of determinants in dealing with a variety of questions 
regarding equations (pp. 82-146), and the other on determinants of 
special form (pp. 146-217). We may note in passing that in the 
last of these, under the head of continuants, there is reproduced 
from Giinther a so-called proof by means of determinants that 

a ma 


ene me 
Speaking generally, this first home-made text-book on determinants 
would be found by United-States students sound and serviccable. 


The other book is a quite elementary exposition, and, though 
filling a gap in America, is of merely local interest. 
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SCHRADER, W. (1886). 


[Beitrage zur Theorie der Determinanten. Neue Sitze und eine 
neue Bezeichnung. vi+156 pp. Halle a. 8.] 

Notwithstanding the title, this is in form and reality a text-book, 
the first two chapters (pp. 1-75) dealing with determinants in 
general, and the third (pp. 75-141) with special types, numbering 
about a dozen in all. There is also an appendix (pp. 152-155) on 
the division of one determinant by another. The treatment is not 
quite commonplace. Indeed, in the title and preface the author 
makes definite claims to originality, and, though this cannot in 
general be sustained, it is clear that he sought out paths and results 
for himself. 

His full-length notation for the n-line determinant, which has 
double-suffixed a’s for elements, is 
D (a; fi ER 


where the 7’s are the row-suffixes and the k’s the column-suffixes : 
but he usually shortens it into 


n 
D (a;, rate 
when the suffixes are in both cases 1, 2,..., n. 

His new theorems on general determinants mainly concern the 
adjugate, and are to be found in the second chapter (pp. 53-75). Of 
the few requiring notice, one is in effect that of | ay, | be multiplied 
row-wise by | by, |, and the product be multiplied column-wise by the 
adjugate of the former, the (r,s) element of the result is equal to 
b,.-| a, |. With a superfixed comma to denote the operation of 


changing rows into columns, it is the same thing to say that the 
(r, s) element of 


{| Ay, | + | Din |}. | Aaa 


is equal to b,,-| a, |, or that the elements of 1] ty |] Da hy eras 
and | b,, | are proportional. By way of proof it is only necessary to 
write the (r,s) element of the product in the form of a so-called 
bipartite function. It will then also be apparent that the pro- 
position is not affected by interchanging | a,, | and | A,» |, a fact 
which, if noted by the author, would have rendered one of his other 
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propositions (p. 61) unnecessary. He fails too sometimes to recog- 
nize an old theorem in a new guise; for example, the fact (p. 73) 
that the elements of the (n—m)' compound of | a, | are propor- 
tional to those of the m compound of | A,, | is merely Jacobi’s 
theorem regarding a minor of the adjugate. Lastly, we may note 
a proposition which is an immediate consequence of the multi- 
plication of two oblong arrays, namely, Jf m rows of | a, | and m 
rows of | A,,| be taken, and each determinant of the former array be 
multiplied by the corresponding determinant of the latter, the sum of 
the products equals | a,,|" or 0, according as the rows taken in the 
second case are or are not the same selection as in the first case. 

As for the division-problem above referred to, the kind of solution 
obtained will be understood from the statement that M and N being 
any n-line determinants, the (r,s) element in the quotient of M by 
N is got by replacing the x row of M by the s® row of N and dinding 
the result by N. Any want of value in this as a practical solution 
may be held compensated for by the fact that the outcome is the 
theorem in compound determinants originally discovered by Bazin 
in 1851. Schrader illustrates it, and indeed almost all the others, 
by purely arithmetical examples. 


SCHEIBNER, W. (1897). 


[Mathematische Bemerkungen. Berichte... Ges. d. Wass. zw Levp- 
zig: math.-phys. Cl., xxiv. pp. 1-13.] 

These are unimportant extracts from letters addressed to Baltzer 
in the early part of the year of his death (1887) and containing 
suggested amendments to his 5 edition, the passages concerned 
being § 65, § 72, § 85, § 11s. 


AMORETTI, F. y MORALES, C. M. (1888). 


[Teoria elemental de las determinantes, y sus principales aplicaciones 
al Algebra y la geometria. xviii+180 pp. Buenos Ayres. ] 

A very useful text-book for Argentine students, the authors being 
pupils of Valentin Balbin and following the lines of his university 
lectures. In extent it is similar to that of Bacas and Escandon of 
1883, but in other respects it differs considerably for the better. 
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NEWMAN, F. W. (1888). 


[Mathematical Tracts. Part I. Tract IV. On superlinears, pp. 
35-53. 80 pp. Cambridge. | 
The ‘ tract’ is a short elementary exposition, simply and clearly 
written; ‘superlinears’ are determinants: and a ‘bilinear tablet’ 
is a determinant of two rows. 


HORTA, F. P. (1889). 


[Estudo elementar dos determinantes, sequido de uma parte com- 
plementar relativa, principalmente, aos determinantes funcion- 
naes. 176 pp. Lisboa.] 

This supphes Portuguese students with a reliable text-book of a 
more advanced type than Albuquerque’s of 1884. Unfortunately, 
it does not contain a single example for practice. Exactly half of 
the whole is devoted to ‘ applications.’ 


WENTWORTH, G. A., Erc. (1889). 


[Algebraic Analysis. Solutions and exercises, illustrating... . 
Part I. x+418 pp. Boston, U.S.A.] 

What is of note here is that in addition to 168 exercises given in 
sets at intervals to test the learner’s progress there is at the end a 
careful compilation of 300 more not confined to determinants, but 
dealing also with the so-called applications. 


POWEL, A. (1888): DIEKMANN, J. (1889). 


[Anwendung der Determinanten in der Schule. Sch.-Progr. 18 pp. 
Gumbinnen. | 


[Anwendung der Determinanten und Elemente der neueren Algebra 
auf dem Gebiete der niederen Mathematik. 111 pp. Leipzig.] 
Diekmann’s attitude towards the inclusion of determinants in the 

school course we have already noted (Hist., iii. p. 59). The present 

is another effort to show what effective applications can be made 
of even a very elementary knowledge of the theory. 

The other writing I have not seen, but it is said to be of 
comparatively trivial importance among ‘ programs.’ 
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PRADO, G. FERNANDEZ DE (1890, 1902). 


[Elementos de la teoria de los determinantes, y sus aplicaciones 4 
la eliminacion y 4 la teorfa de las formas. (?) pp. Madrid.] 
_[Elementos.... 2° edicién, revisada y ampliada. xii+324 pp. 
Madrid. | 

A clear but stiffly formal exposition, done carefully to order, with 
no unfamiliar material, and with no exercises for practice. Only a 
third of the book concerns the theory, and the last third is devoted 
to the algebra of quanties. The first edition I have not seen. 


KNESER, A. (1891). 
[Ueber eine Methode zur Darstellung der Determinantentheorie. 
Sitzungsb. d. Natur f. Ges... . (Dorpat), ix. pp. 522-532. ] 


The method is one that has already been more than once brought 
forward, probably with the greatest fullness by Matzka in 1877. 
The proofs, including that of the multiplication-theorem, are 
gradational. 


LUCAS, E. (1891). 
[Théorie des Nombres. I. xxxiv-+520 pp. Paris.] 


A brief account of determinants and linear equations occupies 
chap. xvi. (pp. 281-298): the applications to the Theory of 
Numbers are fewer and more commonplace than might have been 
expected, considering the author's devotion to the subject. 


CARNOY, J. (1892). 


[Cours d’Algébre Supérieure. xii+537 pp. Louvain. ] 


The first part (pp. 1-65) is a clear exposition of the theory of 
determinants, and the two others, dealing with the theory of 
equations and the theory of binary forms, furnish a number 
of applications. 
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MILLER, G. A. (1892): WELD, L. G. (1893). 


[Determinants. An introduction to the study of, with examples and 
applications. (ii)+101 pp. New York.] 
[A Short Course of the Theory of Determinants. xiv-+298 pp. 
London. | 

The first of these belongs to a series of pocket booklets on technical 
science, where, doubtless, simplicity and clearness of exposition 
were held to be the most important requisites. 

The second is a text-book not unlike others already in English— 
for example, those of Muir and Hanus—but aiming at still further 
simplification of the exposition and exercises. 


WEICHOLD, G. (1893). 


[Lehrbuch der Determinanten und deren Anwendungen. Erster 
Theil... xvi+380 pp. Stuttgart.] 

This is a text-book of no ordinary type. Instruction is conveyed 
in it by question-and-answer with the aid of numerous solved and 
unsolved exercises and a wealth of explanations. The page is double- 
columned : the questions are placed in the first column, the answers 
in the second, and both are printed in the larger of the two types. 
The answers being much longer than the questions, the remaining 
space in the left-hand columns is packed with ‘ explanations’ in a 
smaller type and with the statement of the exercises. The solutions 
of the latter are intended for the right-hand column, but often fail 
to be confined. The thoroughness of the system (the ‘ System 
Kleyer’) is admirable, the 380 carefully printed pages containing 
about as much matter as 700 pages of an ordinary book such as 
Hesse’s ‘ Determinanten.’ Much of it, however, is of very doubtful 
utility : for example, the resolution of 


sma sin2a tana sina 
sn8 sin28 tan sin?8 
siny sin2y tany sin? y 
sind sin2é tanéd  sin?6 


into factors occupies 24 full pages, and is still curiously unfinished. 


TEXT-BOOKS (KORCZYNSKI, 1892) 93 


KORCZYNSKI, J. (1892): OTT, A. (1893): DOLP, H. (1893). 
[Elementary Theory of Determinants. (In Polish.) Sch.-Progr. 
42 pp. Cracow.] 

[Ueber Determinanten. Sch.-Progr. 26 pp. Weimar.] 
[Die Determinanten,.... 4° Aufl. iv+95 pp. Darmstadt.] 


The first two are ‘ programs’ of the class-room type: the third 
is almost a complete reprint. 


GARBIERI, G. (1893). 


[Teoria ed applicazioni dei determinanti. 100 pp. Reggio d’Emilia. | 

This has been somewhat incorrectly viewed as a second edition 
of Garbieri’s text-book of 1874: it is rather a new work, drawn up 
with the help of the old, on the lines of his lectures at Genoa. 


CESARO, E. (1894). 


[Corso di Analisi Algebrica, con.... vili+500 pp. Torino.] 

We have here again a clear and readable account of determinants, 
occupying the opening chapters (pp. 1-51, . . .) of a book on general 
algebra. It is naturally, however, less full than that given by 
Capelli and Garbieri in the first volume of their work bearing the 
same title (see above, p. 87). 


WEBER, H. (1895, 1898, 1898): NETTO, EH. (1896, 1900) : 
WELD, L. G. (1896). 
{Lehrbuch der Algebra. Bd. I. xv-+653 pp. Braunschweig. 
ote Aufl. xvi+704 pp. (1898).] 
(Traité d’Algébre Supérieure. Traduit ... par J. Griess. xi+ 
704 pp. (1898.) Paris.] 
[Vorlesungen iiber Algebra. Bd. I. x-+-388 pp. Bd. Il. iv+ 
519 pp. Leipzig.] 
(Merriman and Woodward’s Higher Mathematics, pp. 33-69. ] 
Weber, in seeking to produce an up-to-date work on the lines of 
Serret’s Cours d’ Algébre Supérieure devotes, like Serret, a chapter 
(II.) to determinants, and uses them freely afterwards in dealing 
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with other subjects. His chapter (IV.) on symmetric functions is 
especially readable. 

Netto has no lecture specially given up to the subject, but for all 
the so-called ‘ algebraical applications’ his book deserves to be 
carefully consulted. 

Weld’s article aims at giving in short compass to fairly advanced 
readers a general idea of the subject. 


CAPELLI, A. (1895, 1898). 


[Lezioni di Algebra Complementare, ad uso.... xli+527 pp.: 
2" ediz. xvi+680 pp. Napoli.] 

In view of the character of Capelli’s work with Garbieri on this 
subject (1886) one is not surprised to find here a superior text-book, 
clear in exposition and fresh in material, nay even occasionally 
original. A chapter, the third, is wholly devoted to determinants, 
and there are also of course the usual applications. 


PASCAL, E. (1897). 


[I Determinanti: teoria ed applicazioni: con tutte le pit recente 
ricerche. viii+330 pp. Milano.] 

A very attractive pocket text-book, with pages only a trifle larger 
than a post-card, but 330 of them, and almost none of them occupied 
with Geometry. It is divided into two strikingly unequal parts, 
one of 48 pages on the fundamental properties, and one of 282 pages 
on special researches and applications ; and although, of course, the 
latter does not really contain ‘ all the most recent researches’ nor 
go very deeply into any one subject, it is surprising to find how 
many comparatively fresh matters are touched on and attributed 
with fair accuracy to the original writers. There are no exercises.* 


STOFFAES, . (1897): DOLP, H. (1899). 
[Théorie des déterminants. Lille.] 


[Die Determinanten,.... 5' Aufl. iv+95 pp. Darmstadt.] 


* Another noteworthy feature is the price. For 3 lire (about half-a-crown) 
Italian students receive better value than those of any other nationality, Even 
the German translation costs about four times as much (10 marks), 
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LIEBER, H. anp MUSEBECK, C.; 
Vv 
BUDISAVLJEVIC, E. (1898). 


[Aufgaben iiber kubische und diophantische Gleichungen, Deter- 
minanten und Kettenbriiche, Combinationslehre und héhere 
Reihen. vi+129 pp. Berlin.] 

[Grundziige der Determinanten-Theorie und der projectivischen 

Geometrie. x+492 pp. Wien u. Leipzig. ] 
The section devoted to our subject in the first of these books is 

§ 4 (pp. 16-33). The treatment is quite elementary. 

The second book I have not seen. 


NETTO, E. (1898). 
[Kombinatorik. Encykl. d. math. Wiss., 1. pp. 28-46. ] 

To give within the space of 10} pages an account of determinants, 
likely to be of any real use, would seem to be an impossibility, and 
the task is not made easier if a bibliography is to be included. 
Nevertheless the effort is here made, and the result might easily 
have been less worthy. In such a matter, however, as accuracy in 
the references and in the history, there is unfortunately room for 
considerable amendment. 


GAVRILOVITCH, B. (1899). 


[Teoriya Determinanata. xli+278 pp. Beograd.] 

A workmanlike text-book, written with a wide and accurate 
knowledge of others, well chosen as to matter, and up-to-date in 
construction. Certain to be valuable to Serbian students, and not 
unworthy of examination by expositors outside Serbia. 


BURNSIDE, W. 8. anp PANTON, A. W. (1899). 


[An Introduction to Determinants, being a chapter from The Theory 
of Equations. 84 pp. Dublin.] 

The text-book by the same authors on the Theory of Equations 
(1881) we have already noted at the proper place. In 1886 a second 
edition of it appeared with the chapter on determinants increased 
to 60 pages, and in 1892 a third edition with a further increase of 
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5 pages. The booklet we have now reached is a reprint from the 
fourth edition, which shows again considerable growth and improve- 
ment. The separate publication of the chapter gives to English- 
speaking readers for the first time something comparable with 
Mansion’s Eléments. 


MANSION, P. (1899, 1900). 


[Introduction 4 la théorie des déterminants. 3° éd. 40 pp. Gand.] 

[Einleitung in die Theorie der Determinanten, fiir Gymnasien und 
Realschulen. Aus der dritten franzésischen Auflage iiber- 
setzt von B. J. Clasen. 40 pp. Leipzig.] 


[Elemente der Theorie der Determinanten.... Dritte vermehrte 
Aufl. 103 pp. Leipzig.] 
[Eléments de la théorie des déterminants.... 6° éd., revue et 


augmentée. iv+91 pp. Paris.] 
Still further improvements and extensions have been made to the 


‘Eléments,’ and the German edition is now closely assimilated to 
the French. 


STUDNICKA, F. J. (1899). 


[Uvod do nauky o determinantech. Sbornik Jednoty Ceshych math. 
v Praze, Cislo iii. 230 pp.] 

This is quite different from Studniéka’s text-book of 1869 (Hist., 
ii. p. 29). In the first place it is almost four times as large, and in 
the second it gives liberal space to the author’s own writings of the 
preceding thirty years. The latter feature is more pronounced in 
the case of the second of the three sections, which deals with deter- 
minants of special form. By its clear and detailed exposition the 
book is well calculated to spread a knowledge of the subject among 
Czech-speaking students,—a fact, doubtless, which led to its receiv- 
ing the imprimatur of the Society of Czech Mathematicians. 


CHAPTER III. 
DETERMINANTS AND LINEAR EQUATIONS, FROM 1880 TO 1898. 


THE number of writings to be reported on here is about a half more 
than for the period of the preceding volume : on the whole, however, 
the importance of them is less. 


MANSION, P. (1880, 1885). 


[Sur un systéme d’équations linéaires. Nowv. Corresp. Math., vi. 
pp. 30-32.] 


[Note sur la méthode des moindres carrés. Bull... . Acad. R. de 
Belgique, (3) ix. pp. 9-14.] 

Mansion’s first result, which he establishes by means of deter- 
minants,* we may formulate thus: If from a given set of lmear 
equations in x, y, z,... there be formed the so-called ‘normal ’ 
set, and if between the first and each of the others of the normal 
set x be eliminated, the third set so obtained is the same as would 
be got by an almost exact reversal of the operations, namely, 
eliminating x in every possible way from the given set, and then 
forming the normal set of the set resulting. 


* To the previous list of writings which use determinants in dealing with the 
Method of Least Squares there fall to be added : 
1880. GuarsHer, J. W. L. Monthly Notices... R. Astron. Soc., xl. pp. 600— 
614; xli. pp. 18-23. 
1884. ZprozEK, D. Pamietnik akad.... Krakowie, ix. pp. 199-218. 
1885. Nexrassorr, P. A. Mat. Sbornik (Moskva), xii. pp. 377-420. 
1898. Le Granp Roy, E. Archives des sci. phys. et nat. (Geneve), (4) vil. 
p. 588. 
Glaisher’s three papers (1874, 1880) contain a fairly complete exposition. Nekras- 
sofi’s has the special interest that the determinant of his set of equations is a 


circulant. 
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His second result is more general, including also Jacobi’s of 1841 
and Catalan’s of 1878 (Hist., i. p. 272; in. p. 115). 


LINDELOF, L. (1880). 
(See under this heading in Chap. I.) 


BIEHLER, C. (1880). 


[Sur les équations linéaires. Nouv. Annales de Math., xix. pp. 
311-331, 356-362. ] 

The treatment here is fuller and more thorough than in the 
author’s thesis of 1878. In dealing with his third case (pp. 325-331), 
where the number of equations is less than the number of unknowns, 
he proves a theorem including four of Ventéjols’ (1877), but does 
not mention Rouché (1875).* The fourth section (pp. 356-362) 
concerns a so-called ‘application,’ namely, the expression of a 
quadric as a sum of squares. 


SCHMITZ, A. (1880). 


[Bemerkungen iiber die Anwendbarkeit der franzésischen Methode 
zur Auflésung linearer Gleichungen. Zevtschrift f. math. u. 
naturw. Unterricht, xi. pp. 428-431.] 

As the application of the method (‘ undetermined multipliers ’) 
to a set of n equations necessitates the solution of a set of n—1 
new equations, and thereafter of a set of n—2 equations, and so on, 
it is clear that if one of these auxiliary sets be intractable through 
inconsistency or otherwise, the method fails. Further, as the deter- 
minants of the auxiliary sets are minors of the original, the con- 
ditions for the applicability of the method are easily stated. This 
is the matter to which attention is here fully drawn by example 
and reasoning. 

Additional examples will be found in a paper by C. Prediger in 
the Archiv d. Math. u. Phys., Ixx. (1883), pp. 319-333. 


KRONECKER, L. (1881). 
(See under this heading in Chap. I.) 


* Rouché’s paper of 1880 had not yet been published. 
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WARNER, J. D. (1881). 


[Symmetrical method of elimination in simple equations by use of 
some of the principles of determinants. Proceed. American 
Assoc. Adv. Sct. (Cincinnati), pp. 50-56.] 


Unimportant. 


BURNSIDE, W. S. anp PANTON, A. W. (1881). 
[The Theory of Equations,.... xvi+387 pp. Dublin.] 
It is worth noting that a legitimate solution of the equations 
a2 + ay + az +ayw = 0 
bx + bey + bz + bw = “ 
when none of the coefficients nor any determinant of the array is zero, 
is obtained by forcing into the set the additional pair of equations 


a,” Ay” as” apenton 
iy dibinek baa incon Ba, 3 
Oo, bs? bs? faba 
ager agit apt ; aut rape 
and using the equality 
[a,° a_7b, ab," b°| = | a,b,|-|a,b3| .... | asda]. 


LONGCHAMPS, G. DE (1883). 
[Algébre. (Equations linéaires,... pp. 88-111.) xii+671 pp. 
Paris. } 

This is a fuller and more serviceable exposition of the subject 
than is to be found in any previous text-book of determinants. 
A chapter is devoted to linear equations in general (pp. 88-100), 
Rouché’s lead (1875, 1880) being carefully followed ; and a second 
is occupied with those that are homogeneous (pp. 101-111). 


GIUDICE, F. (1883). 


[Equazioni simultanee di primo grado. Revista di mat. elem. 
(Novara). | 

This paper, which has not been found accessible, was considered 

important by Garbieri (see below, p. 105). The author himself at 
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a later date drew attention to the fact that it contains the enuncia- 
tion and a proof of the theorem that in a set of equations that are 
(n—k)-fold indeterminate the choice of the n—k unknowns that may 
be left arbitrary has no influence on the solutions. At the same time 
he also claims that it contains the first introduction of the notion 
of a ‘resolvent system.’ 


MERAY, CH. (1884). 
(See under this heading in Chap. I.) 


WEYR, ED. (1884). 


[O reseni lineérnych rovnic. Casopis pro pestovint Math. a Fys., 
xiv. pp. 101-110, 149-159.] 

This discussion is of about the same extent as Longchamps’, but 
would seem to be more independently thought out. The writer 
does not make use of Rouché’s concept, but with the same purpose 
in view—clearness and brevity of expression—introduces a tech- 
nicality of his own, defining two or more rows as being “ sub- 
stantially different” when the oblong array formed by them is not 
evanescent. By way of example we may note his treatment of the 
question as to the number of independent solutions in the case of 
a set of nm homogeneous equations in n unknowns when the critical 
minor of the determinant of the set is given (§ 7, pp. 158-159). 


SIMMONS, T. C. (1885). 


[An application of determinants to the solution of certain types of 
simultaneous equations. Math. from Educ. Times, xliv. 
pp. 136-143; or Progreso Mat., v. pp. 1-4, 40-44.] 

The characteristic of the main type of equations referred to seems 
to be that an elimination performed on the set produces a vanishing 
determinant containing only one compound unknown, the finding 
of which enables the veritable unknowns to be determined. For 
example, the set 

y2(ayx + ayy + asz) = f, 
za (bx + by + 6,2) = g 
wy (cyt + Cy + Cz) = h 


. 
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is thrown into the form 


(a, — Z)s + Asy + Age = i 
bye + (, is oe)Y aie bse =A 
CX + CoY + (4 —z2)e = »| 


which by elimination provides a cubic in ayz. Numerous illustrative 
_ examples of this and other types are given. 


GORDAN, P. (1885). 


[Vorlesungen... I. (§ 8. Systeme lin. Gleich.... pp. 101-120.) 
xll+202 pp. Leipzig. } 

The exposition here given resembles Longchamps’ in fullness, no 
previous German text-book on determinants being comparable with 
it in this respect. The resemblance referred to, however, goes no 
further : in Gordan’s treatment there are considerably fewer formu- 
lated theorems and greater freshness of treatment. It is con- 
structed, too, on quite a different plan. Homogeneous equations 
are taken first and assigned almost all the space (pp. 101-117) : 
the other class is considered to be a mere specialization, and is 
dismissed in a page followed by four examples. 


JUERGENS, E. (1886). 


[Zur Auflésung linearer Gleichungssysteme und numerischen Berech- 
nung von Determinanten. Festschr. 20 pp. Aachen.] 

What this actually concerns is the solution of any set of equations 
in which the known quantities are numbers in the ordinary decimal 
notation, like 1-7254 ..., each with the possibility of being made 
more accurate by the use of additional digits. The special pro- 
cedure proposed is the replacement of the set by another in which 
each diagonal coefficient is positive and greater than the sum of 
the absolute values of the other coefficients of its row. The multi- 
pliers for producing the second set from the first are themselves to 
be determined by the solution of sets of equations. In the next 
place, determinants of the type connected with such sets of equations 
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are directed to be evaluated by a process which brings out the result 
in the form of a product: for example, | a,b,¢,d, | in the form 


| ayboesds | ; | Doesds | ; | cad | , dy 
| boca | | csd4| dy 1 


CAPELLI, A. = GARBIERI, G. (1886). 


[Corso di Analisi Algebrica. Vol. I. Teorie introduttorie. vil+ 
511 pp. Padova.] 


The chapter on Linear Equations (pp. 367-412), like that on 
Determinants, is a pleasing feature of this general manual of Algebra, 
an effort at progress being evident in both the matter and the 
manner of the exposition. For the first time in a text-book use is 
made of the term ‘characteristic’ (Frobenius’ “ Rang’) in the 
statement and discussion of the theorems. This of course is a help 
towards attaining greater accuracy, although on the other hand it 
at first raises a danger of mistaking newness of form for newness of 
substance. Of the series of nine formulated results attention is 
drawn to the second, namely, By means of successive substitution the 
set of equations 

somite aexy qe Rea eee oie 


can be transformed into an equivalent set of the form 


BuX1 + BieXe + BisX3 +... + Buk +--- + Bink = 0 
BesXe + BosX3 +... + Bork +--- + Ban = | 
Besk chow net BoxXiitbincstte Dante eae 
Burke +. 5 + Broke = ‘ 
in which the coefficients 3,, Bo, ..+5 Bx, are non-zero, and k is the 
characteristic of | a, |. 

Closely connected, of course, with linear equations is the evanes- 
cence of arrays, and thus it is that there comes to be appended 
(pp. 387-400) a series of results on the latter subject. Of these 
the most general is the one worthy of note, and after some alteration 


it stands as follows: the necessary and sufficient condition for the 
vanishing of an array, oblong or square, is that its rows be connected 
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by a linear homogeneous relation with coefficients not all zero. For 
example, if the array 


Qa GM, M3, Gy, As As 
Ob; 7 ON Ost), Sbe be 
Cpe Cai Code Cy biG ts Ca 


Idhedasdde dt dda kd, 


be evanescent, with | a,b,c; | for its ‘ critical minor,’ then the elements 
of every column are connected by a linear relation whose coefficients 
are 

—|byeods |, | @seods|, —| bods |, | abe0s | ; 


and, conversely, if such a fixed linear relation exist, the array must 
manifestly be evanescent. It may also be noted that there is 
established an analogue to the former of these two theorems in 
the case of the rows : thus, to take the same example, the elements 
of every row are connected by a linear relation whose coefficients 
are 

— (234 + 235 + 236), 134 + 135 + 136, 

— (124 + 125 + 126), 123, 123, 123, 


where 234, .. . are primary minors of the given 3-by-6 array. 


CLASEN, B. J. (1888). 


[Sur une nouvelle méthode de résolution des équations linéaires et 
sur application de cette méthode au calcul des déterminants. 
Annales... soc. sci. de Bruxelles, xii. B, pp. 251-281; a, pp. 
50-59 ; or Mathesis, ix. Suppl. 2, 40 pp.] 

In the solution of a set of linear equations with arithmetical 
coefficients considerable latitude is available in the choice of the 
series of derived equations which is to end up with the values of 
the unknowns. The choice made by the writer now reached is 
made with real skill and deserves attention. For exposition it 
must suffice to say that with the set of equations 


ae+ by +e2z+du+ev = ji (a) 


age + by +652 +dsu+ev = fs (a5) 
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the derived sets would be 
| abo | y + | a¢2|2 + | ade | u + | ae] 0 = |afe| ( 
— | aby |x + | bycg|% + | bydy | u + | Oyen] 0 = | yf | ( 
| aybocs | 2 + | aybydg | wu + | aybee3|¥ = | abofs| (1 
— | aybecg | y + | ayCody | w+ | ayC¢3 | 0 = | a1Cof's | ( 
| aybocg | & + | byeodg | uw + | dycxeg |v = |Oicofs| 
| aybocady | + | aybocgeq |v = | Qdecsfa| ( 
— | dybecgdy | 2 + | aybydzeq |v = | adodsfy| ( 
| aybocgdy | y + | ayCodgeg |v = | ayCodsfy| (ds 
— | abycgdy | x + | dyeodgeg | 0 = | OyCodsfa| ( 
|aybecsdyes|¥ = |Aybocsdyfs| (er } 


of multiples, from all of the preceding set.and one of the a’s, and 
the others of the set from the first and one of the preceding set. 
The advantages of the process, which will be best appreciated by 
an actual trial of it, and which are rather obscured by the use of 
literal coefficients, are brevity, easy discovery of errors in calcula- 
tion, and timely detection of inconsistency or incompleteness in 
the data. Apart from these it is a useful lesson in determinants, 
comparable with Desnanot’s of 1819. 


CAPELLI, A. (1888-9, 1892, 1895, 1898). 


[Lezioni di Algebra Complementare, date nell’ anno accademico 
1888-1889. Cap. HII. §6. Napoli.] 

[Sopra la compatibilitaé o incompatibilita di pit equazioni di primo 
grado fra pil incognite. Rivista di Mat., ii. pp. 54-58.] 
[Lezioni di Algebra Complementare, ad uso.... xii+-527 pp.; 
2" ediz. xvi+680 pp. Napoli.] 

Here we find ourselves faced with an important advance in the 
formulation (p. 165) of the test for consistency. It may be put 
very shortly thus: In order that a set of non-homogeneous linear 
equations may be consistent it is necessary and sufficient that their 
unaugmented and augmented arrays have the same characteristic. By 
way of proof the author first recalls three theorems regarding homo- 
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geneous equations which he and Garbieri had formally established 
in their text-book of 1886. Then, taking his set of m non-homo- 
geneous equations in » unknowns, and supposing first that the two 
arrays of the set have the same characteristic, he makes the given 
equations homogeneous in the usual way by bringing in an (n-+1)" 
unknown, and proves by use of the aforesaid theorems that a 
solution is obtainable in which the unknowns have finite values and 
the (n+1)™ of them is not zero. The sufficiency of the asserted con- 
dition is thus established. Next, supposing that the unaugmented 
array has a lower characteristic than the other, and that the set is 
nevertheless consistent, he is able to show with the help of similar 
reasoning that he is thereby led to a contradiction of his hypo- 
thesis. The asserted condition is thus seen to be also a necessity. 

It remains to note that the treatment of the subject in 1892 is 
said by the author to be essentially the same as that of the ‘ Lezioni ’ 
(1888-89). 


BUSCHE, E. (1891). 


[Ueber Kronecker’sche Aequivalenzen. Mutteil. d. math. Ges. 
(Hamburg), ii. pp. 3-7.] 
It is here shown that the number of solutions of a set of n so-called 
‘equivalences’ in n unknowns is the absolute value of the deter- 
minant of the set. 


TYLER, H. W. (1891). 
(See under this heading in Chap. XIV.) 


GARBIERI, G. (1891). 


[Introduzione del una teorica dell’ eliminazione. Giornale di Mat., 
xxx. pp. 41-105. ] 

The matter here given would appropriately form three chapters 
in a bulky text-book on ‘ modern higher algebra.’ It is mainly of 
interest as bringing once more into prominence the intimate relation 
which exists between the solvability of a set of linear equations and 
the properties of the two arrays associated therewith—the * unaug- 
mented ’ and ‘ augmented ’ arrays of H. J. 8. Smith (1861), and the 
‘V-block ’ and ‘ B-block ’ of Dodgson (1867). 
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The first chapter (pp. 42-56) deals with the evanescence of arrays, 
a subject not so singled out for exposition since Dodgson’s time 
(1867). After the natural preliminary explanations, the three 
operations which do not affect the nullity of an array are discussed ; 
‘ characteristic ’ is used as by Capelli; the condition for evanescence 
is carefully worked out (pp. 44-49) ; and Frobenius’ property of an 
evanescent array enunciated and proved anew. The concluding 
pages (51-56) are less relevant, and their contents not recognized 
to be cases * of Sylvester’s theorem regarding a sum of products of 
pairs of determinants. 

The second chapter (pp. 56-70) concerns non-homogeneous linear 
equations. Its series of carefully formulated propositions culminate 
in Capelli’s test for consistency. The requisite specialization is then 
made, and justification is given for throwing the burden of further 
discussion on what follows. 

' The third chapter, on homogeneous linear equations (pp. 70-105), 
is in consequence still more scrupulously detailed. After the test 
for consistency has been established, the conception of a ‘ reduced ’ 
set of equations (‘ sistema ridotto’) is brought forward and utilized 
at considerable length. The term is used to denote a set of equa- 
tions equivalent to the given set and consisting of the lowest possible 
number of mutually independent equations. The concluding pages 
are occupied with the question of the dependence or independence 
of solutions. 


AMIGUES, E. (1892): PAPELIER, G. (1897): GASCO, L.- Ge (1897). 

[Démonstration analytique du théoréme de M. Rouché relatif a un 

systeéme d’équations algébriques du premier degré. Nouv. 
Annales de Math., (3) xi. pp. 47-48.] 

[Note sur les équations linéaires. Revue de Math. Spéc., iv. (7° année), 

pp. 81-85. ] 
[Resolucion por determinantes de los sistemas de ecuaciones lineales. 
Archwwo de Mat., 11. pp. 124-127.] 
As a mode of establishing Rouché’s theorem it is sought in the 
first paper here to prove that having selected from the given set of 


* Muir’s Determinants (1881), § 88, p. 128. Garbieri attributes them to Giudice 
(1883). 
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equations the group with the greatest breadth of non-evanescent array 
wt rs justifiable to replace, as if for purposes of solution, each of the 
remaining equations by the vanishing of one of the ‘ déterminants 
caractéristiques.’ The proof is not without weakness. 

The second paper gives another proof. 


COLLET, J. (1893): MEYER, A. (1894). 
[Les équations linéaires et leurs applications. Annales del’ Enseigne- 
ment Sup., v. pp. 351-364. ] 
ee af 1** Grad. Nyt Tidsskrift for Math., v. 8, pp. 4-17.] 


The exposition given by Meyer is of the classificatory type, 
non-homogeneous equations being given the leading place, and 
discussed under four heads with sub-heads and examples (pp. 4-16). 


CHAPTER IV. 
AXISYMMETRIC DETERMINANTS, FROM 1880 TO 1897. 


THE amount of work done on the various kinds of symmetric deter- 
minants approximates closely to that done in the preceding period, 
being however. differently distributed amongst them. By reason 
of this there is a shrinkage in the contents of Chap. V.: neverthe- 
less, for convenience in reference, the classification of this part of 
Vol. III. has been retained. 


SCOTT, R. F. (1880). 
[A Treatise on the Theory of Determinants,.... xi+251 pp. 
Cambridge. | 
We have already seen how Scott seems (pp. 15-16) to support 
his predilection for so-called ‘ alternate numbers’ by using them 
to show that 
COS (a,-+- ag) Cos (a,-+as3) 
COS (a_+-a}) ; COS (ag-+as3) 
COS (a3--a,) Cos (a3+ag) 


= (—1)"-' . {cos 2a, cos 2a,... jefe selena sin? (a, — =, \. 


cos 2a), COs 2a; 
Later (pp. 221-222) he gives a similar equality, 
G+, a,+d, 
Ay+ay, : Ap +A 
A3+d, d3+d, 


= (—l)"s!. 2°. a0... sere eeipe 14+) 4 a 
Ana, |, 
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without indication of procedure. Both, however, are readily 
evaluated by appropriately transforming them into determinants 
of the (n+2)™ order; for example, the first into 


a 1 : sin a4 SIN dy SiN My 
—] COS ay COS ag COS ag 
sia, COSa, —Cos 2a, 
SIN dg COS dy , —Cos 2a, 
SIN a3 COS ag : : —cos 2a, .... 


He records the fact that a determinant of the form 


1 COS a cos (a+) cos (a+B+y) 
COS a 1 cos 3 cos (B--y) 
cos (a+) cos 8 1 cos y 
cos(a+8+y) cos(8+y) cosy 1 


exemplified by Wolstenholme in 1878, vanishes for all orders above 
the 2°*; and that 


a+b+c+d a—b—c+d a—b+c—d| 
a—b—c+d a+tb+te+d a+b—c—d| = 16 (bed+acd+abd-+abc). 
a—b+c—d a+b—c—d a+b+c+d 
In regard to the latter it might have been mentioned that if on the 
right a, b, c, d were replaced by 


a+b+c+d, a+b—c—d, a—b+c—d, a—b—c-+d, 


and the opposite change made on the left, it would only be necessary 
to change 16 into } in order to retain the equality. Finally, the 


consequences of oribese 
(b+)? ab ac 
ab (c+a)* be 
ac be (a--b)? 


in several different ways are specified, all of the resulting deter- 
minants being necessarily divisible by a+b-+tc as this is a factor 
of every primary minor of the original (Hist., i. p. 125), 
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HAZZIDAKIS, J. N. (1880). 


(Ueber eine Eigenschaft der Unterdeterminanten einer symmetri- 
schen Determinanten. Crelle’s Journ., xci. pp. 238-247. ] 


Notwithstanding the title, the real subject here is the conditions 
under which the cofactors of fi, fifoo Sifo2fss --+ mn the axi- 
symmetric determinant | f;, |, where the elements are rational integral 
functions of z, constitute a Sturmian series for the examination of 
the roots of the equation | f,,, |=0 in the interval from =a to c=. 
The conditions found are (1) that none of the f’s must vanish identi- 
cally, and (2) that F,,,, f,,, being the cofactor and derivate of any 


element, the sum 
Fok yk py 
BY 


must not vanish in the interval in question. By way of illustration 
the result is applied to several special cases—the original case of 
Lagrange, Sylvester’s case of 1853 where the f’s are all linear, and 
so on. 


MUIR, T. (1881). 


[Note on a special symmetrical determinant. Analyst, vill. pp. 
169-171.] 

What is effected here is the generalization of an identity pub- 
lished anonymously in non-determinant form in 1846 (Hist., i. 
pp. 114-115). If 8, be written for a,a,+-b,b,+¢,¢,-+d,d, the * next 
case ’ is 

2a,d,—S_ Ady tagb, ayCgt+OQ¢, A, d_+-Agd, 
Qbeta.b, 2bjb.—S, yen +bec, 0d g++ body 

| AyCot+sC, b4Cg+b 9c, 2C,Cg—S, 409-040, 
(Q,d,+aod, bydo+bed, cydy+eyd, 2dyd,—S, 

= —8,? (a,2+b,?+¢,?-+d,?) (a_?-++b,?+ ¢2? +d"), 

and is proved by expanding the determinant in descending powers 
of 84. On putting d,=d,=0, the original case is reobtained: a 
second interesting specialization is a; =a,=a, b,=b,=b,...; and 
a third results from putting d=0 in the second. An alternative 
procedure begins by suitably raising the determinant to the sixth 
order, so as to make the non-diagonal elements of the original 
replaceable by zeros, 


AXISYMMETRIC DETERMINANTS (MUIR, 1881) 111 


MUIR, T. (1881). 
(See under this heading in Chap. VII.) 


MUIR, T. (1881). 
[On new and recently discovered properties of certain symmetric 
determinants. Quart. Journ. of Math., xviii. pp. 166-177.] 

All the results save one concern symmetric determinants of 
special forms elsewhere dealt with. The identity excepted is, in 
the case of the third order, 

atx b+y c+tz c—z b-y a-—«x 
b+y dtu etv e-—v d—u b-y 
v Z 


eviews any ee 

of eee glee 3 eu ftw f-w e-— c— 
=o |, Ki ts 

ache anes c—z e—v f—w ftw etv cz 


b—y d—u e—v e+v d+u b+y 
a—x b—y c—z c+tz b+ty ate 
the determinant on the right being bi-axisymmetric. 


BURNSIDE, W. S. anp PANTON, A. W. (1881). 


[The Theory of Equations,.... xvi+387 pp. Dublin.] 
By bordering 
Ax? +cy? +b —1 (A—c) xy (A—b) xz 
(A—e) zy Ay? +az*+cz?—1 (A —a) yz 
(A —b) xz (A—a) yz Ae +-b2?--ay?—1 | 


by the column 1, dz, Ay, Az and the row 1, 0, 0, 0, it is shown to 
contain the factor 1—)(xz?+y?+2"), the cofactor being what the 
given determinant becomes on putting ’=—0. 


MUIR, T. (1882). 


[On a symmetric determinant connected with Lagrange’s inter- 
polation-problem. Proceed. London Math. Soc., xiii. pp. 
156-161.] 

The subject is the determinant 
Lela ee. 27. gin 


Se els ino ele Hag , or L, say, 
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and quite a number of results in connection with it are given. 
Besides being symmetric with respect to the main diagonal, it is 
alternately symmetric and skew with respect to the secondary 
diagonal and also with respect to the bisecting line drawn parallel 
to the columns. Its most important property is that as elements 
are proportional to their cofactors.* This is established by multi- 
plying the s* column by the element in the (r, s)"" place, the (s—1)™ 
column by the element in the (7, s—1)™ place, the (s—2) column 
by the element in the (r, s—2)"" place, and so on, when it is found 
that the result of summation is a new s‘ column with all its elements 
equal to 0 except that in the r“" row, so that 


PS eet , ee 
L, Xsin aya (n+1) . cofactor of sin mat 
By multiplying L,, by itself and using the identity 
sin ~~. sin ul + sin a7 sir as 
eee Rae ee n+1- n+l Se ae 
wr nee B10 (sr) 
Op A alee ey ee, (s =f)" 


there is obtained 

L,? = {4(n+1)}*. 
In the case of L,,, addition of rows suffices to make the elements 
in m? places vanish, and after some transformations there results 


~ Llwgiee Bor . m(2m—1)7 
ive 5 (yee =) ad = nae a 
= i) SID Om +1 sm om +1] *¥ 2m+1 : 
from which and a previous result we have readily 
pis lar Se . m(2m—1)7 1 3m 
sin -——_ § =»... 8M — = 44(2 : 
ha 2m+1 cm 2m-+1 2m+1 14 tL) 


Another evaluation is thus effected, as, curiously enough, the new 
determinant on the left here is shown to be transformable into 
L1l.27 . 2.2.27 _ m-M-27 
2m-+1 _~ Crs ye oo 2nm+1 

Lastly, the determinant which differs from L in having cosines 
in place of sines is referred to, and a few analogous results given, 
one agreeing with Hunyady’s of 1872 so far as the latter goes. 


sin 


* Note might have been taken here in passing that the determinant is thus an 
orthogonant. 
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KRONECKER, L. (1882). 


[Die Subdeterminanten symmetrischer Systeme. Sitzwngsb.... 
Akad. d. Wiss. (Berlin), pp. 821-824; or Bull. des Sci. Math., 
(2) xi. (2), pp. 102-107 ; or Werke, ii. pp. 391-396.] 


As already recorded, the basis of this paper professes to be the 
conception of ‘ reciprocal systems.’ In the portion devoted to such 
systems that are axisymmetric, the author intimates the existence 
of linear relations between the minors of any axisymmetric deter- 
minant. These he states in the form 


| On| = > | tx | 


(Ge coe he eet earl ae, Bohs.) 
@ = 1,2,....,m—l1,7; kb = m+l1,...,7r—l, m,r7+1,... 2m); 
r = m+1,m+2,..., 2m, 


which is somewhat lengthy and complicated, even although the 
requisite So Sage is not prescribed in it. The theorem simply 
1 at . 2m 


om be axisymmetric, the minor 


is that var 


Wi Bao, Maw 


Tt ei re IN 


as equal to the sum of all the others got from rt by interchanging an under 
123456 


123456 being given 


index with the last of the upper ; for example, 
axisymmetric, we have 


123| _ | 124 125 126 
Tee! = sal +| 138 | +| is 
or 123 |= 134 4 | 125 =| 225] — 0 
456 356| | | 346 345 


It is pointed out that the identity is verifiable on expanding each 
determinant in terms of the elements of its last row and their co- 
factors. As a matter of fact, in these last rows the elements 34, 
35, 36, 45, 46, 56 occur twice, and the cofactor in one position 
cancels its fellow in the other position. 
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RUNGE, C. (1882). 


[Die lineare Relationen zwischen den verschiedenen Subdeter- 
minanten symmetrischer Systeme. Crelle’s Jowrn., xciil. pp. 
319-327. ] 

This paper is the record of a vigorous investigation of Kronecker’s 
identity with two main purposes in view, a section being devoted 
to each. 

In the first place, it having been made evident that linear relations 
with constant coefficients other than 1 may exist between the 
m-line minors of a 2m-line axisymmetric determinant, the question 
arises whether such relations are self-dependent or derivative. 
With this inquiry §I. is occupied, and the result is to show (pp. 
320-322) that they are all deducible from Kronecker’s. At the 
outset attention is drawn to the fact that in every minor of a 
Kronecker identity the row-numbers and column-numbers involve 
between them all the integers 1, 2,..., 2m, the number of minors 
of this kind being therefore }(2m),, ; but that an identity will still 
subsist if in its leading minor 


pay dtp een — Ls 
m+1, m+2, ...., 2m—Il1, 2m 


any upper index except m be made the same as one of the under 
indices. Thus, from the identity 


123] ae 125| _ |126| _ 5 
456 356 | ' | 346 345; 
by replacing 2 by 5 we find 
135 145 156 
Pears ed ee moll 


and by replacing | in this by 4 we arrive back at the simplest con- 
sequence of axisymmetry 

_ |345| _, | 456 

456 345 

The result of the second section (pp. 323-326) is more interesting 

and important, namely, that a system of linearly-independent m-line 

minors can be found in terms of which each of the others can be linearly 


= 0. 


-|- 
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and integrally expressed: further, that the number of the former is 
(2m)!/(m-++-1)!m!, being the $(m+1)" part of the total number that 
are admissible. 

The third section (pp. 326-327) establishes the absence of such 
linear relations in the case of a determinant that is skew, the mode 
of demonstration employed being gradational. 


MUIR, T. (1884). 


[Note on a unique property of an axisymmetric determinant of the 
fourth order. Annals of Math., i. pp. 31-33.] 
The property in question is that ¢f H and F stand for the comple- 
mentary minors of h and f in 


1 (oe 
eo Oh (Ge. ul 
iijey voor 
Cunt ar ary 
then 
aH ae cod Bh de) Bink autae 
By Ole Ge Mi 
H d e|—l/a de} = 
EPalG beret Bis Ws was 4h 
. ce if eee | 


Incidentally it is noted and proved that 2f a non-diagonal element 
in an axisymmetric determinant be changed in sign, the number of 
terms in the final expansion rs diminished by 


2(n—2) .(n—2)! 


SYLVESTER, J. J. (1884). 
[Question 7889. Educ. Times, xxxvii. p. 356; or Math. from Educ. 
Times, xlviil. p. 37.] 
When simplified the result here established is that the dis- 
criminant of 
a,X+ay+a,zta,w b,x+b,y+b,z+b,w 
Cx +c,y+eszt+oyw d,x+d,y+d,z+d,w 


is | a,b,c3d,|?. For proof all that is needed is to write the dis- 
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criminant in its definitional form, when it will be found to be the 
row-by-row product of 


Gy cy els d, —Gq —b; GY 
As by Cy 7 is —Cog —b, As 

d 
Gath Og ee antes a dz —C3; —bz az 
Ope Di cans d, —Cy —bg %|.- 


Sylvester, however, evidently had in mind a general theorem 
involving a determinant of order m?, not merely 2°. 


BUCHHEIM, A. (1884). 


[On a theorem relating to symmetrical determinants. Messenger of 
Math., xiv. pp. 143-144.] 


The theorem is that regarding the reality of the roots of Lagrange’s 
determinantal equation, and the proof given rests on the considera- 
tion of a set of simultaneous linear equations. 


MUIR, T. (1884). 


[Note on the equation connecting the mutual distances of four points 
ina plane. Proceed. Edinburgh Math. Soc., ii. pp. 34-88. ] 


The fact that one of the determinants in the two relations 


ee ee] el et . & BP @ | 
1 ae bb a. da @ 
| = 0, . = 0 
Tahoe a eS ae Ts 
i b2 d2 * ‘is Ce e 1 
1 (ped e If 


connecting the distances, a, b, c, d, e, f, of four points on a circum- 
ference is a coaxial primary minor of the other, is used to make the 
immediate deduction 


ra {(@erp?)? 4 (b2c2f2)? al (a2c2e2)? xu (a2b2d2)?* | Edy 
On account, however, of the ambiguities of sign it is thought better 
to alter the original equations * into 


* The mode of transforming the four-line determinant, though not given in the 
paper, deserves note. Multiplication of the rows in order by 


def, bef, ace, abd, 
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are"; + bref? + ace + a2b2d2 e, (a? +f?) (—a?f?+b?e? + c2d?) 
3 (b? +e?) (a?f? —b’e? +c?d?) 
— (c?-+d?)(a?f?-+b?e? cd?) = 0, 
(af -+-be +-cd) (af —be —cd) (af —be-+cd)(af-+-be—cd) = 0, 


when the deductions with the proper signs are readily obtained. 


MEHMKE, R. (1885): SCHENDEL, L. (1885). 


[Bemerkung tiber die Subdeterminanten symmetrischer Systeme. 
Math. Annalen, xxvi. pp. 209-210.] 


[Das Kronecker’sche Subdeterminantensatz. Zedtschrift f. Math. u. 
Phys., Xxx. pp. 119-120.] 

The author of the first of these two brief notes quotes from p. 131 
of Grassmann’s Ausdehnungslehre of 1862 a theorem regarding a 
vanishing sum of products, and proceeds to show that when the 
usual transition is made from a vector to a scalar relation a case 
of the theorem is the same as Kronecker’s of 1882. 

The other author, with his own changes on Grassmann’s notation, 
seeks to prove the latter theorem anew, and thereafter to obtain 
by means of it a fresh expression for a bilinear form, and another 
of similar type for a quadric. 


SYLVESTER, J. J. (1885). 


[Note on certain elementary geometrical notions and determina- 
tions.* Proceed. London Math. Soc., xvi. pp. 201-215; or 
Collected Math. Papers, iv. pp. 259-271.] 


The mathematical notions in question are those which lead up to 


and then division of the columns by 


abc, ade, bdf, cef, 
gives 
af be cd 


af . cd be 
be cd . af 
ed be af .j, 
whence come immediately the four factors, 
* At the top of four pages the word is as here ‘ determinations,’ at the top of 
four others it is ‘ determinants.’ 
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the consideration of Cayley’s ‘ mutual-distance’ determinant and 
another connected therewith, namely, 


17E 1 ae, Ag BeeG 
lib 1313 Sin EL 
TUR ee ae Al Mel mals mts 
Pee Oe 0 B Pale ote aeee 
rie LOS stoi 2s 
- | ntee 


For the former he finds the development 


>(-)"4 «heyhey 2 icky = Pye sos Xj, 

where the k’s are cycles of two umbrae, and the y’s are cycles of 
more than two: for example, 12-21, 12-23-31, where 21=12 and 
31=13 (cf. Hist., i. pp. 469-470). The development of the other 
he arranges according to products whose one factor is a 2-line minor 
formed from the first two rows and whose other is a 2-line minor 
from the first two columns. To this he devotes considerable atten- 
tion (pp. 211-215), separating the terms of the development into 
three types, and examining them in more or less detail for the first 
seven cases. Unfortunately, there are serious inaccuracies in the 
evaluations. 


CESARO, E. (1885). 

[Determinanti in aritmetica. Giornale di Mat., xxiii. pp. 182-187.] 

This is the first of a vigorous series of more or less overlapping 
papers * belonging to the year 1885 and occupied with determinants 
of the type brought to light by Smith in 1876 and already studied 
by Mansion and others. The series, however, throws little, if any, 
additional light on determinants, the interest attaching to them 
being more closely connected with the Theory of Integers. We 


* The others are in 
Nouv. Annales de Math. (3), v. pp. 4447. 
Rendic. .. . Accad. dei Lincei (1885), pp. 709-711, 711-715. 
Annales del Hc. Normale (3), ii. pp. 425-435. 
Mathesis, v. pp. 248-250. 
Giornale di Mat., xxv. pp. 14-19. 
Two ‘ questions’ taken out of the first of the series appeared also in Nouv. Annales 
de Math. (3), iv. p. 56, p. 451. See also (3) iv. p. 560. 
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have, for example, the evaluation of | a, ,_, |, whose (7, s)" element 
is the number of common divisors of r-+1, s+1, excluding unity, and 
| in |, whose (r, s)* element is 1 or 0, according as the highest common 
divisor of r, s is or is not a square. 


LORIA, G. (1886). 


[Intorno ad alcune relazioni fra distanze. Periodico di Mat., i. 
pp. 33-48. ] 
Loria rests his investigation on the lemma that if a, 8, y be angles 
satisfying one of the relations 


atBty =27, —at+tP+y=0, a-—B+ty =0, «+8—y = 0. 


then 1 cosy cos 8 
cos y 1 cosa | = 0, 
\cossGO) cosa 1 


considering first points on a sphere, and then five points in space. 
In dealing with the latter his initial step is to obtain the four-line 
determinant corresponding to the preceding, then to substitute for 
the cosines their equivalents in terms of lengths, and, lastly, to 
simplify the elements by raising the determinant first to the fifth 
order and then to Cayley’s sixth order. 


EDWARDES, D. (1886). 
[Question 8767. Educ. Times, xxxix. p. 372; Math. from Educ. 
Times, li. p. 76.] 
When stated a little more fully, Edwardes’ interesting theorem is 
that if 


then 
| aa®+2bxy+-cy* ba®+2cxy+dy?| — | ax-+by bx-+cy eldest) 
ba?+2cxy+dy? cx*+2day+ey?| | ba+cy cx+dy 
azt+by cx+dy |? - oy __ | betey ca+dy ott & ig 
a3 batecy dx+ey Sl Ri ca+dy dx+ey| ~ We ) 
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Verification is readily effected by expressing the members of the 
desired identity in descending powers of «, namely, 


Ex! —2Da%y-+(20-+T)a2y?-2Bay®+Ayt = (Ea?—Day+Cy’)?+E, 
and using the fact that the adjugate 


[APB 0} 
Beeps 
CD E| 


of the given vanishing determinant has all its primary minors equal 
to 0. 
We may add that 


—4. wy Oe 
Vig Me i OT 
oy 1 here oe 
Rite! he ee | 


is a fifth equivalent expression. 


SCHRADER, W. (1887). 
[Beitrige zur Theorie der Determinanten. vi+156 pp. Hallea.8.] 
In the section on axisymmetric determinants (pp. 81-84) it is 
stated that if D be any determinant and X be axisymmetric, then 
DXD its axisymmetric. The cause of this being at variance with 
Muir’s expression (1885) for the product of three determinants is 
that with Schrader row-by-row multiplication is meant. If the 
standard mode of multiplying in determinants be made that of 


matrices, it is DXD’ that is axisymmetric, the superfixed comma 
indicating change of rows into columns. 


SHARP, W. J. G. (1887). 


[Questions 8940, 8970. Math. from Educ. Times, xlvi. pp. 131, 136 ; 
xlix. pp. 133-135, 136-138.] 

The identities here dealt with belong to the same series as a 
simpler one formulated by us when describing a paper of Cauchy’s 
of the year 1844 (Hist., ii. p. 26) and referred to again in our notice 
of a different kind of generalization of it made by Cayley in 1846 
What is now specially interesting is the mode of proof given by 
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Edwardes. For the case of the 4" order the result may be stated 
as follows : The bilinear 


RS er ys 
2 Ee SEU Pai 
n b 1 q |y, being denoted by F,,, 
meee Se Gee Sree! z: 
Dede tt. Oe Ww. 
then 
ae ee | es | }ZqWoks| | WiXeVa] | X1V 026 | 
i! M E | Y1Z2Ws | 
Ny L Q | 2, WoXs | 
s ys C R | Wy Xs 
i Q R D | X1Y 22s |. 


Edwardes points out conclusively that the members of this asserted 
equality are the two forms of 

OF, OFy OFy OF y 
Of, OY, 02% Ow, 
CK, (Ole, Ole, acl xt 
Ole Cs a Ors Oe, || 
Ol eG nga Ol ne a OF ox 
C3; OYs 02%, Ws 


HY 4% Wy, 


ZT. Yo % We 


3 Y3 % Ws 


known to us from the extended multiplication-theorem. 


MUIR, T. (1888). 
[On vanishing aggregates of determinants. Proceed. R. Soc. Edin- 
burgh, xv. pp. 96-105. ] 

A fresh departure is made here, a vanishing aggregate being used 
which degenerates into Kronecker’s when special values are given 
to a certain number of the elements involved. For the case of the 
4 order the elements involved are 

14D LOS oS 
24 25 26 27 28 
34 35 36 37 38 


45 46 47 48 
56 57 58 
67 68 


78, 
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and the identity is 
LoeeLO eli eets 14 16 17 18 1 de 3 itll Beas Ss. 
25 26 27 28 24 26 27 28) 24 25 27 28 
35 36 37 38 34 36 37 38 + 34 35 37 38 
45 46 47 48 45 56 57 58 46 56 67 68) 


14 15°" 16153 14 15 16 17 

24 25 26 28) |24 25 26 27 

—|34 35 36 38|/+]34 35 36 37|~ 

47 57 67 78] 48 58 68 78 

But the five determinants here would be minors of any 8-line deter- 
minant in which 


45 = 54, 
46 =-64, 5G == 65, 
47 == 74, . OT = WO cn Glas 1G. 
48 == 84; 58:25:85.0), 689—= 8676 TSja= 61% 
and in the axisymmetric determinant 
LiL 22 saat ee » Od 
all these conditions hold. Consequently, what we have reached is 
an identity connecting five of the minors of the said determinant, 
that is to say, Kronecker’s identity. 
The number of distinct elements of the axisymmetric determinant 
which do not appear in the identity is 
m(2m+1) — $(m+1)(8m—2), 
t.e. tm?+im+l, 
or, if we leave the diagonal elements out of account, 
4m?—3m+1, t.e. 4(m—1)(m—2). 
‘These it is next sought to identify, and, as a consequence, the natural 
result is reached that they are those elements of the axisymmetric 
determinant which do not occur in the mixed array on which the 
, theorem is here founded. Thus, in the example just used they are 
12 13 
23. 
From this it is suggested that the number of Kronecker identities 
connected with a given axisymmetric determinant can be found. 


rs=sr 


AXISYMMETRIC DETERMINANTS (MUIR, 1888) 123 


The curious result is also thus led up to that if zeros be put in the 
places of the absent elements, the 2m-line Pfaffian associated with the 
axisymmetric determinant—for example, 


1) 15,16 17 18 

24 25 26 27 28 

34 35 36 37 38 

67 68 

78 

—represents exactly half the terms of the Kronecker identity, the other 
half being the same with opposite signs. 

Lastly, the naturalness of the descent from a general to an axi- 
symmetric determinant being accompanied by a descent from a 
quadratic to a linear relation between minors suggests that the 
axisymmetric is not the only special determinant with minors 
linearly related: and this is fully verified. 


HERMES, J. (1888). 


[Determinanten bei wiederholten Halbirung des ganzen Winkels. 
Archiv d. Math. u. Phys., (2) vi. pp. 276-293.] 

The main result of this lengthy paper is to the effect that the 
n-line determinant whose (r,8)'" element ws 
(2r—1)(2s—1) 7 

4n 

is equal to (4n)", n being any power of 2. Considerable space is 
devoted to the verification of the first five cases, each determinant 


being resolved into the product of two-line determinants. Thus, 


; T 37 : 
putting ¢,, ¢3,... for cos 16’ °°8 16° 8° that the four-line deter- 


cos 


minant is 


Cs 5 Cos Css 

Cr or Cep Cag |> 
the writer increases the 4° column by the 1 and the 3™ by the 
2™4, thus arriving at 
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Cy Cg Cy C3 Cy ne 
Cg —Cy —C c : i =a Gae ee 
7 aw |&s 7 3 7 : 
2 cos — - 2 cos:— , thence 2 = . 
a BGee Cee Ce Cy : : 5 1 
Ora Gee Tae UG Cz —Cy (Gy Chia 


and so forth. A generalization of the procedure is next attempted, 
and then the remaining half of the paper is devoted to remarks 
more or less of the nature of suggested thoughts and corollaries,— 
for example, the ineffectiveness of the substitution of sines for 
cosines, etc. 


STIELTJES, T. J. (1888). 


[Sur ’équation d’Euler. Comptes Rendus ... Acad. des Sev. (Paris), 
evil. pp. 617-618 ; Bulletin des Sci. math., (2) xii. pp. 222-227. ] 
We have already seen Cayley using alternants (1877) in connection 

with the equation Oz//X = dy//Y: the solution now given is 


0 1 -Hety) ay 
1 dy ay a,—2C 
1 au; 
—3(x+y) i a, +C a3 
ry a,—2C ds Gea 


where the a’s are the coefficients of the originating quartic and C is 
an arbitrary constant. 


SHARP, W. J. C. (1888). 
[Question 9779. Math. from Educ. Times, xlix. pp. 141-142; (2) 
iv. pp. 83-86. ] 

The first of the three “new” determinants here evaluated is 
Ferrers’ of 1861; the second is Scott’s of 1880; and the third is 
a simple case of Sylvester’s circulant of 1855. Interest attaches to 
the second only, the result now given being 

Ata, A+4s 
a, +-A, . a,+a3 
A +a3 d,+a5 


“| n 


Lee 
= 4(—2)"-1a,a, 0+ eo Ay {arta ‘ .+a,) a a ‘ +g.) (may 
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or, say, for shortness’ sake, 


H(—2y-am1(@){ Erne (n—2y} : 


In both cases the form of the evaluation is doubtless influenced 
by the form of the evaluation of a determinant preceding, and, 
unfortunately, both forms conceal the important fact that there 
are not more than two kinds of terms in the final expansion. A 
better form is 


(—2)"-2{ (n—1)(n—4) ajay Bad Clip mee Dias Oe Mk Ns 
which also has the merit of attracting attention to the case where 


n=4, the result then being simply 
—4>\a,2a,a5. 


CAYLEY, A. (1888): MUIR, T. (1889). 
[Note on the relation between the distances of five points in space. 
Messenger of Math., xviii. pp. 100-102. ] 
[Note on the relation between the mutual distances of five points 
in space. Proceed. R. Soc. Edinburgh, xvi. pp. 86-88. ] 
Cayley draws attention to the fact that in a memoir of Lagrange’s * 
there is contained the relation 


Op -4AY +. alesf—g)? + a (at f—g')* + a" (a"+-f—9')* 
Sap teary g (ef = 9" 2B ati —9) (e479) 
+ 28"(a+f—9) (a +f-9'), 
where, if the points be called 1, 2, 3, 4, 5, the letters 


CilaG MEU, 120ot3 Ady AS 
c a g'\ represent the squares of the 23 24 25 

a” gf distances | 34 35 

of 45 


*Lacrance, J. L. Solutions analytiques de quelques problémes sur les 
pyramides triangulaires. Nouv. Mém. de P?Acad....(de Berlin), Ann, 1773, 
pp. 149-176; or Hwvres, iii. (pp. 659-692), p. 677, 
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and A, a, a’, a”, 8, 8’, 8" are certain functions of the said distances. 
Reason is given for believing that this cannot be essentially different 
from Cayley’s own relation of 1841 (Hist., ii. pp. 109-110), and the 
belief is justified by an actual verification. 

Following on this Muir shows that the one vanishing expression 
can be directly transformed into the other. Beginning with 


Cayley’s determinant 


Cornea, ee 

c” Ca ei 5 4 

cs 6 Si age 

Borie Gite, peat Ws 

| Gia 9» 9S, Sagas: 
i 1 1 1 al 


he subtracts the 4" column from each of the others except the last, 
and thereafter the 4*" row from each of the other rows except the 
last, thus arriving at 


| —2a c’—a—a' c’'—a—a" g—a—f 
co —a'=24 = ag C= th =a g —a'—f 
| c (4 —(O Cas a) BY 4 g’ ey i —f 


(g-f-a gf-a g'-f-0" 4 
which, when expressed according to binary products of the last row 
and column, gives Lagrange’s expression 


ad AS rales fg) aie 
He is thus led to suggest a fresh expression for the relationship in 
question, namely, 
15?+-152—112 2524152212 352+152—312 452+152?—412 
152-+252—12? 25?+252—222 3524252—322 4521252422 
15?-+-35?—132 25?+352—23? 352+352—332 452+352—432 
152-++-45?—142 25?-+452—24? 3524452342 4534452442 


b) 


=), 


Further, the determinant here proves to be a missing link giving 
connection with another already-known expression—that with 
cosines for elements,—all that is needful being to divide in every 
case the s‘" row and s‘” column by s5, 
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KRONECKER, L. (1889). 


[Ueber symmetrische Systeme. Sttzwngsb.... Akad. d. Wiss. 
(Berlin), pp. 349-362; or Werke, iii. pp. 295-314.] 

The main contents of this paper do not concern us; but the 
foundational portion (pp. 350-354), which deals with the ‘com- 
position of systems,’ or what Cayley at an early date had spoken 
of as ‘ multiplication of matrices,’ craves suitable notice. It con- 
sists of a series of numbered results culminating in the theorem 
that any non-zero axisymmetric determinant can be transformed so as 
to have all its elements zeros except those in the diagonal, and that the 
reverse changes can also be effected. The noteworthy point about it 
is that every one of the necessary changes is brought about by 
multiplying by a unit determinant. For example, the determinant 
being three-line, the operation of increasing the 2" row by ¢ times the 
1**, and thereafter the 2" column by ¢ times the 1*, takes the form 


1s Epa ee Go Oil (il 
Desh Oe ad: Tele a ipee 
Ul paleCas CT eee Lae 


and the interchange of the 1* and 2" rows followed by interchange 
of the 1** and 2" columns is effected by 


Pee dere lee a Do Ib ptliens A ba me es 
Mee ble el eters Lal O Gy elated bo | oo ke habe L 
dS aelertires Lh |. eal Cue of eas eee 


where it is to be noted that any determinant to the right of the given 
axisymmetric determinant is the conjugate of the corresponding 
determinant to the left, in accordance with the theorem that if 
| 24, | be axisymmetric and | a,,| be any determinant whatever, then 
| ain {| Zin || Aan? 
is also axisymmetric. Unfortunately, no reference is made to 
H. J. 8. Smith’s similar work of 1861. (See below in Chap. XXI.) 
In the last section (pp. 358-362) Kronecker advances to the 
similar consideration of a general determinant, and he continues 
the subject at some length a month or two later.* 


* Kronecker, L. Die Decomposition der Systeme von n? Grossen . . . Sitzungsb. 
_.. Akad. d. Wiss. (Berlin), 1889, pp. 474-505, 603-614 ; or Werke, iii. pp. 315-368. 
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SYLVESTER, J. J. (1890). 


[Question 10751. Hduc. Times, xliii. p. 484; Ixv. (1912), p. 263, 
pp. 337-338. ] 
[Question 10792. Hduc. Times, xlii. p. 528.] 

These questions were neglected for over twenty years, on account, 
most probably, of inaccuracy in the statement of the first of them. 
Ultimately Muir pointed out what the theorem intended to be 
enunciated really was, and extended it to determinants in general, 
his enunciation being If A and 6 be any n-line determinant and the 
complementary minor of its last element, and 8, s be the sums of the 
primary coaxial minors of A, 6 respectively, then 
és | 
A 8| 
is equal to the product of the first n—1 rows of A by the first n—1 rows 
of the conjugate of A. Thus, for the case of n equal to 4, it is 


a, by cee, 
A, by Cy dy 
Ae a 


A, My dg a || 
== | \OysOat Gs), 


1G Cg Cg Cy | 


D, | yb, |-+ |@y¢3| +] b2cs | 
| dyboCadg | A,+B,+€;+D, 


which can be verified by noting that the right-hand member equals 
DZ+D,0,+D,B,+D,Ay, 
and that 
| aybecsd4 I{| aby | + | a3 | + | b2¢s \\ = | C3D,| +] BD, | +| ArDy]. 
The theorem involved in the other ‘ question’ is that If the sum 

of the squares of the primary minors of an axisymmetric determinant 
vanish, and if in addition either the determinant itself vanish or the 
sum of its coaxial secondary minors, then the sum of the coaxial primary 
minors must also vanish. Part of the basis of this is an identity just 
seen to be necessary for the establishment of the previous theorem, 
namely, that an the case of an n-line axisymmetric determinant the 
sum of the coaxial r-line minors of the adjugate rs equal to the product 
of the original by the sum of the (a—r)-line minors of the latter. Thus, 
when r is 2 and the determinant is 

ah g 

hob ak lee Gm Ns Say. 

Oat ON 9 
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we have 


BF AG A H 
= A, (a+b-+c). 


is Colats Ge Callie) a® 
Consequently, if either A, or a+b-+c vanish. there results 
BC+CA+AB = F2+G?+H?; 
and the sum of the squares of the primary minors being 


A2+B24(242 (F2-1G24H2) 


is equal to 
A2+B?+C?12B0+2CA +2AB, 
1.€. (A+B-+C)2. 
It thus follows from the first datum that A--B+C vanishes also, 
as asserted. 


HORTA, F. DA P. (1890). 
(See under this heading in Chap. I.) 


LONGCHAMPS, G. DE (1890, 1891). 


[Questions 298, 332. Journ. de Math. Spéc., (3) iv. p. 263; (4) 1. 
pp. 142-144 ; (3) v. p. 264.] | 

The theorem here is to the effect that the roots of the equation 
resulting from putting equal to 0 Torelli’s determinant of 1864 are 
either all real or all real except two. The subject dates back to 
Garbieri’s text-book of 1874 (Hist., iii. pp. 100-101, 109-110). In 
view of the fact that the so-called proof which is given contains a 
serious error, it may be worth noting that the determinant is ex- 
pressible as an axisymmetric continuant : for example, when n is 
4 it is equal to 


a, +a,—24 L—Ay 
L—Ag Ay +3 —20 L—Ag ° 
L—Az g+Q4—24 LA, 


LM My 


The author’s other determinant results from bordering Torelli’s with 
the row X, a, a, a,... and the column Q, 8, 8, B,... 
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MUIR, T. (1891). 


[Note on a peculiar determinant of the sixth order. Philos. Maga- 
zine, (5) xxxi. pp. 429-430. ] 


This concerns the identity 


ae Ott 0 oe : : 
, 
Co we od ; —2b : aueale 
, 
a : —2c 
’ P eS ee bee 
oa Bs a —c. —b Fades 
ly stile 
b’ —¢' 6 —a’ 3 
c& 6D’ —a' Cc 


of which Cayley desired to have a direct proof. Muir’s procedure 
consists essentially in the multiplication of —a*b?c? in the form 


—tac' —tbe' Acctingesyae y (htab 
—ab’ 3bb' —cb’ . ca 
daa’ —hba’ —ktca’ be 
: 1 
‘ hi 
i 


by the left-hand member, the product obtained being manifestly 
resolvable in a way suitable for giving the desired result (Hzst., i. 
p. 244; il. pp. 143-144). 

In the following year another proof was incidentally given by 
him (Proceed. R. Soc. Edinburgh, xx. p. 302). 


LAURENT, H. (1892). 
[Sur Pélimination. Nouv. Annales de Math., (3) xi. pp: 5-7.] 


The resultant here found for two binary quantics is essentially 
the same as Borchardt’s of the year 1859, the determinant involved 
thus being the axisymmetric case of Sylvester’s unisignant of 1855 
(Hist., u. pp. 456-459). With Laurent, however, the quantics are 
no longer restricted to the same degree; and the mode of arriving 
at the resultant is entirely different, being simple and clear and 
not at all lengthy. 
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MUIR, T. (1892): CAYLEY, A. (1894). 


It deserves note under this head in Chap. I. that the study of 
Sylvester’s well-known set of equations 


0 = cy—2fyz+be = az*—2gzx+ca®? = ba®—Qhay-+ay* 
practically brought out the result that ¢f the cofactors of a, b, ¢ in 
Cy Wee 
Heeb ity. 


(igi Le Xb 84 
iy 7, 


vanish, then the other three-line minors vanish also. 


SYLVESTER, J. J. (1892). 
[Question 11580. Hduc. Times, xlv. p. 306, Ixii. pp. 329-330 ; 
Math. from Educ. Times, (2) xvii. p. 40.] 
The theorem meant to be announced here is interesting in con- 
nection with the author’s paper of 1853 (Hist., il. pp. 127-129), being 
that 


1 -h —g/? 
Norm | 1 + (f+VP=1)(g-+Vge—1)(h+vi®—1) |= 16) -h 1 —f 
zt 


It was not established till 1909, when Muir made the requisite 
correction and gave a proof. 


THE PASSING OF SYLVESTER. 


It deserves note that after the year here reached there is no record 
of any direct contribution made by Sylvester to the pure theory of 
determinants, although his mind continued to be active on other 
subjects almost till the day of his death, 15 March, 1897. His 
first paper of all was published in 1838, and his first paper on deter- 
minants,—then known to him only as ‘ zeta-ic products of differ- 
ences ’—in 1839. Thus in a working life of almost sixty years, 
determinants figured for about fifty-four,—exactly the same stretch 
of time as in the case of his great contemporary and co-worker, 
Cayley. See above, p. 52. 
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PRIME, F. (1892). 


[Sur un déterminant nul. Journ. de Math. Spéc., xvi. pp. 177-179. ] 
The determinant in question is the n-line determinant whose 
(r,s) element is sin (a,+a,), or, say for shortness’ sake, 


| sin (a,+as) los 
It manifestly equals 


sin.a,)) cos a,, 0) O22 cosa, sina, 0 0 

HIN) gene COS. ig U0 le eee x | C08 ae sina, 0 0 

Sinan COS: Gu) 0 LO meene te cos.a,) sino, » 0) Oe 
and .*, vanishes when n> 2. So does | cos(a,+a,)|,; and we 


remark for ourselves, further, that endless results of this kind are 
included in the general proposition that the product of two n-by-k 
arrays is an n-line determinant which necessarily vanishes when n > k 
(see Hist., ii. pp. 465, 468 ; ili. pp. 122, 322; iv. p. 109). 


LEUDESDORF, C. (1893): CESARO, E. (1894) : 
TUCKER, R. (1894). 


(Question 12015. Educ. Times, xlvi. p. 305; Math. from Educ. 
Times lx apace | 
[Corso di Analisi Algebrica,.... vili+500 pp. Torino.] 


[Question 12532. Hduc. Times, xlvii. p. 440; Math. from Educ. 
Times, \xii. p. 116.] 


The identity here given in regard to 


a h g a’ h’ g 
h b yf h’ b’ wid 
g iferoiyo began fe ieee 
namely, 
hf’ +h'f—bg'—b'g gh'+9'h—af’—a'f ab! +a’b—2hh’ 
G F C 
G’ ’ C’ 


aG4IWF+gC WG+'F+f'C 
aG’ hE’ +9C’ AG’ +0’ +fC' 
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is established by verifying the equality of the cofactors of C on the 
two sides, also the cofactors of F, and the cofactors of G.* 
The identity involved in the other ‘ question ’ is of little moment. 
Cesaro’s simple but interesting result is 


CH SOR Be eee 
GDS RUE, CAO SORE ye 
(Deed 0, ee eed ae.) O20, 
UsU pe O50 eatODi Paces 0,0, 
—— a,b, | Ad, | ° | AgDo | OS Oo) 6 O | Gone. |. 


NEUBERG, J. (1893, 1896). 
[Questions 820, 1080. Mathesis, (2) iii. p. 79, pp. 172-173; vi. 
p. 215; vii. pp. 232-233.] 
[Question 242. Revue de Math. Spéc., ii. p. 195.] 
The result here given, which is said to be a generalization of one 
that appeared in 1892 in an Aberystwyth examination paper, is 


i) 1 
b+ 7 2 a+ = 2(bc—a) (ca—b) (ab—c) (abc—1)/a?b?c?. 
eek at—- 2 


* Here there might have been suggested a very interesting result in regard to 
the minors of a 3-by-4 array : namely, the array being 
* a b Gy dy 
Gp, (0 Ga th 
ds by C3 dy, 


we have 
| @,d3|—|b2c3| | 2b3| | Cods | 
|a3d,|—|O3¢,| | asb,| | esti | | = | pe ! | fh | 
| @yda|—| Orc2| | cide | | cade | Micke Mee pd. 


This is easily established by multiplying the left member columnwise by | b,c,d; |. 
It involves all the minors except six, 


[ayy |, [413], |aecs|, | Oda], |Ords|, | beds |. 
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The special case referred to is where the factor abc—1 vanishes 


because of taking 1 nn 
a, b, c=, ome a 
ee a ered 


We may note that interest attaches to the factorization on 
account of the determinant being the duplicant of 


Ik da “4G 
ib 
ea Me | 
ee Gisela 


the value of which is (ab—c)?/abe. In connection with the invariance 
of the determinants to the substitution 


Lopate) 
a, b, Cea a ’ b p) Cc 
it is well also to note how the factors change, for example 
—1 
be—a into (be—a) x ars 


SCHAPIRA, H. (1893). 


[Ueber symmetrische quadratische Formen. Jahresb. d. deutschen 
math. Verein., iii. pp. 99-102. ] 

Incidentally there is here considered the subject of determinants 

resolvable into rational linear factors, there being given as examples 


of a general theorem the circulant C (#, a, a) and the interesting 
result 


= 
g 
= 
= 
a 
| 
= 
gS 


- ( (x+6a-+3b) 
= 4\-(x+a—2b)! 
-(x—2a-+b)>, 


Ses Reece ey SS Bee 
Se So a. OF QS 
Sis, gs) ea SY GS 
Se eh oe Se St) Se Oe 
ry wage GS SE Se SS ee tS 
Sear eS Se SS 
ee. SOIC S SOLS 
a @ S1aGgora OR UCU 
Re Sey Bei ee aS 
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where the construction of the determinant is best indicated by 
denoting its rows in order by 


IT, 12,.13,14,°15, 23, 24,25, 34,35, 45, 


and its columns in the same way, and then filling the (a8, yd) place 
with an x when af and yé do not at all differ, with an a when they 
differ in one of the integers, and a 6 when they differ in both. 


METZLER, W. H. (1893). 


[Compound determinants. American Journ. of Math., xvi. pp. 
131-150.] 

The first theorem here given (pp. 146-148) is Gravelaar’s of 1875, 
and the other is that All the minors of order n—m in an n-line axi- 
symmetric determinant will vanish if the coaxial minors of this order 
vamsh, and of for each of the higher orders the sum of the coaxial minors 
vanishes. The latter follows from one of the main theorems 
(pp. 132-145) of the paper regarding sums of sets of k-line minors 
of the m™ compound of | 4, |. 


FROBENIUS, G. (1894). 


[Ueber das Trigheitsgesetz der quadratischen Formen. Sztzungsb. 
... Akad. d. Wiss. (Berlin), pp. 241-256, 407-431 ; or Crelle’s 
Journ., cxiv. pp. 187-230. ] 

Frobenius here formulates (§ 2, pp. 245-246) a set of three theorems 
regarding the evanescence of minors, the third being that which he 
had arrived at in 1876, though at that date less readily. They are: 
(1) If in an axisymmetric determinant | a,, | the r-line coaxial minor 
| @yj4go-. . Ay, | does not vanish, but all minors of the forms 

| Bihan eee | Biyteg ee. BrAe oA e, | 

do vanish, then the non-coaxial minors of the (r-+1)" order vanish also. 

(2) If in an axisymmetric determinant the coaxial minors of the x” 

order and of the (r-+1)” order all vanish, then the non-coaxial minors 

of the rv” and higher orders vanish also. (3) If in an axisymmetric 
determinant the minors of order r+1 all vanish, but not all those of 

order r, then one of the latter is coaxial. (See Hist., iii. p. 275.) 

He also at a later stage (§ 12) gives a proof of Kronecker’s so-called 
linear relation of 1882. 
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CIAMBERLINI, C. (1895): LOVETT, E. O. (1897). 
[Intorno alla relazione tra le distanze di 5 punti dello spazio. (Guor- 
nale di Mat., xxxiv. pp. 279-289.] 

[Note on the invariants of n points. Bull. American Math. Soc., iv. 
pp. 58-59.] 

Both of these touch lightly on Cayley’s determinants of 1841 
(Hist., ii. pp. 109-110). The second is interesting from its fresh 
standpoint. 


WHITE, H. 8. (1895). 


[Kronecker’s linear relation among the minors of a symmetric 
determinant. Bull. American Math. Soc., i. pp. 136-138.] 
This note makes the fresh suggestion that Bezout’s relation 
between the three-line minors of a 3-by-6 array, namely, 


| dybocs | - | Ayb5Cg | = | ayby¢q | - | @3bscg| + | abe0; | - | 4b 3Cy | 
+ | ayboeg | - | @4b5¢s |, 


if not the source of Kronecker’s linear relation, can at least be 
viewed as a basis for establishing the latter. For, performing 
columnwise the multiplications indicated in Bezout’s relation, and 
denoting by r-s the product of the 7‘" and s” columns, there is 
obtained 


1-4 2-4 3-4 1-3 2:3 4:3 1-4 2-4 5-4 1-4 2-4 6-4 
15 2:5 3-5| = |1-5 2-5 4:5) + )1:3 2:3 5-3) +] 1-5 2-5 6:5 
16 2-6 3-6 1-6 2-6 4-6 1-6 2-6 5-6 1:3 2-3 6:3 


which is Kronecker’s linear relation connected with the determinant 
|11 22 33 44 55 66], 
the axisymmetry of this last beg implicated in the definition of 
rs. The possible objection that a theorem in determinants might 
hold for elements of the type 
a,Q, ++b,b, +6,C, ’ 


and not hold for all others, is met by pointing out that as the linear 
relation involves no diagonal elements of the six-line determinant, 
there are available for determining the 15 non-diagonal elements 
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the 18 parameters of the 3-by-6 array. It is added that this reason- 
ing is always applicable since, just as 15 < 18, so generally 
2m (2m —1) oh 
2 
MUIR, T. (1897). 
[The automorphic linear transformation of a quadric. Transac. R. 
Soc. Edinburgh, xxxix. pp. 209-230.] 


‘Incidentally (§ 11, pp. 225-226) attention is drawn to the fact 
that on the axisymmetric determinant of the fifth order there exist three 
secondary minors whose aggregate vanishes, namely, 


135 125 145 


124) @ 1134 |awy os” 
Further, the identity is viewed as the ‘ extensional ’ of 

23 24 25 

45 | — | 35 +| 54 =u, 


which, we know from Kronecker, holds for the axisymmetric deter- 
minant 

2345 

2345 

not only so, but the general applicability of the Law of Extensible 

Minors to Kronecker’s identities is thus suggested; for example, 

knowing that 
123 124 2 1201 | 12 
| 456 | | 356 346 34 


if the determinants be minors of the axisymmetric determinant 


TS=SYr > 


6 
plo 


123456 
123456 |,.-ers 
we can at once vouch for the identity 
12378... 12478... 4 Mlb) ASE tO 
AHGIS- > |) me sb018... 34678... | 34578... 


in connection with the axisymmetric determinant 


12345678 ... 
12345678 ... 


TS=sTr * 


CHAPTER V. 


SYMMETRIC DETERMINANTS THAT ARE NOT AXISYMMETRIC, 
FROM 1884 TO 1897. 


LEUDESDORF, C. (1884). 
[Question 7718. Educ. Times, xxxvii. pp. 162, 211; Math. from 
Educ. Times, xlu. p. 26.] 
The determinant, D,, evaluated here is one in which each odd- 
numbered diagonal element is a, each even-numbered diagonal 
element 0, and every other element b. It is found that 
Demy2 = (@—2b) Deny, — (@—6)*Dom, 
Demy, = (@—2b) Dem — BDam_1; 

and thence that 
Domsez = (—1)™b™+1(a—b)™{ma—(2m+1)b}, 
Dente = (1) ™ Fb" (a —b)"{(m—1) )a—2mb}. 


TUCKER, R. (1886). 
[Question 8609. Hduc. Times, xxxix. p. 227; Math. from Educ. 
Times, xlvi. pp. 69-70. ] 
The identity here noted is much better put in the form 
—a y+ta at8 
Bt+y —8 a+B| = (a+8+y)* 
eee die ooh Se ae 


This also has the merit of suggesting a ‘next case,’ in which the 
first column is 


ally B+y+6, B+y+6, B+y+6, 
and the right-hand member 


—2 (a+B8+y+6)* 
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EMMERICH, . (1888). 
[Question 9906. Educ. Times, xli. p. 489; Math. from Educ. Times, 
li. p. 96.] 
The equation here set for solution has for its non-zero member 
the case of Ferrers’ determinant, in which the diagonal elements are 
sin(w—a,) — sin(a—a,) sin(#—a,) 
Sinan” sin x a TEAR sine 
and the remaining elements of the 7“ column each equal to cos a, ; 
and Wolstenholme shows that the determinant is equal to 
(—1)"sin a, sina, ... sina, - (cotx)”. {1 —tan x(cota,+...+cot dn) } 
and that therefore the non-zero value of cot « is 
cot a,+cot ag+...-+cota,. 


HOWSE, G. F. (1889, 1890): SHARP, W. J. C. (1891, 1894). 
[Question 10354. Educ. Times, xlii. p. 483, xhii. p. 38; Math. 
from Educ. Times, liii. p. 38.] 


[Questions 10934, 10977, 11184, 12316. Educ. Times, xliv. p. 157, 
p. 199, p. 345, xlvii. p. 199; Math. from Educ. Times, lv. p. 128, 
p- 116, Ixui. p. 36.] 
The first result is already known, the others already familiar. 


GILLET, J. (1894). 


[Question 395. L’Intermédiaire des Math., i. p. 235, i. p. 127; 
solution by A. Hurwitz, 1. pp. 367-368. ] 


What seems desired here is a development of 


(s—a,)’ a,” a,” ee ee a,” 
ag” (s—ag)? A,” nage ag? 
a,” ag” (s—asz)” oe ee ag” 
a,” a,” Oyj!” were (8 ==, Als 


where s =a,+a,+...-+a,, similar to the developments in the cases 
n, p = 3, 2 (Salmon, 1866), n, p = 4, 2 (Wolstenholme, 1870). Un- 
fortunately the solvers consider it sufficient to make a mere 
substitution in Ferrers’ result of 1855. 
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MUIR, T. (1888). 


[On vanishing aggregates of determinants. Proceed. R. Soc. Edin- 
burgh, xv. pp. 96-105.] 

One of the main results of the paper is to the effect that by com- 
bining in different ways the rows and columns of two given n-line 
determinants there may be formed 2n n-line determinants connected 
by a linear relation with unit coefficients. For example, the originat- 
ing determinants being 


41 42 43 46 45 44 
51 52 53 56 55 54 
61/2620 634y 7661965 162), 


we have the identity 


41 45 44 |46 42 44 46 45 43 
51 55 54/ +/|56 52 54} + |56 55 53 
61 65 64 |66 62 64 66 65 63 
41 42 43 46 45 44 46 45 44 
= |56 55 54| + |51 52 53| + /56 55 54 
66 65 64 66 65 64 6162 63). 


Now the first three determinants here are minors of any six-line 
determinant, and the second three would be minors of such a deter- 
minant if its elements were so related that 


41, 42, 43, 51, 52, 53, 61, 62, 63 
= 36, 35, 34, 26, 25, 24, 16, 15, 14; 
—in other words, so that 7, s = 7—r, 7—s. But this is exactly the 
definition of a centro-symmetric determinant. It thus follows that 


if | 11, 22,..., 66| be centro-symmetric, then a linear relation con- 
nects six of ts three-line minors, namely, 


456 | , | 456 456 
ier a 436 | + | 356 


_ {451 426 356 
a ne ‘7 ie zs bes 
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NEUBERG, J. (1897). 
[Question 1120. Mathesis, (2) vii. pp. 126, 260-261.] 
The result here is 
sna sinf siny sind 
cosa cos cosy cosd 
sn 8 sina sind siny 
| cos 8 cosa cosd cosy 


= —4 sin (a—/) sin (y—6) 
-sin?3(a+6—y—o6). 


Note might have been taken that the determinant merely differs in 
sign from the centro-symmetric determinant whose eight elements 
are the sines and cosines of a, y, 6, 8. 


CHAPTER VI. 
ALTERNANTS, FROM 1880 TO 1899. 


Tur rate of increase in the number of writings on Alternants con- 
tinues as great as ever. In the preceding volume we stated that 
the number for 1860-1880 was almost double the number for 1841— 
1860: now we have to report that the doubling is not merely 
approximate but complete,—that is to say, almost exactly the 
same number of writings as were dealt with in the whole of our 
first volume covering the period 1693-1841. Notwithstanding the 
changed circumstances—the generally increased facilities for publi- 
cation, the tolerant reception of short communications on mathe- 
matical subjects, and the constantly growing demand for school and 
university text-books—these are striking and significant facts for 
the historian of science. 


BAEHR, G. F. W. (1880). 


[Extraits d’une lettre (4 M. Catalan). Nouv. Corresp. Math., vi. 
pp. 225-227.] 


Baehr expresses the sine of the sum of ” angles as the quotient 
of two alternants. The expression when 1 is 2 is 


sina cosa 
sin 8 cos |, 


1 sin?a 
1 sin? | 


and, when n is 4, 


sina sin'a cosa sin?a cosa 


| 1 sin?a sinta sina cosa 


> 


his sign, (—1)?, in the latter instance being incorrect. For an odd 
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number of angles the elements follow a curiously different law ; for 
example, when » is 3, the expression is 


sina sin’a cosa 1 sin?a sina cosa 
—|sin8 sin’8 cos8|} + |1 sin?8 sin8cos® 
siny sin’y cosy 1 sin?y siny cosy |, 


and, when n is 5, 


sina sina sinba cos a sin?a cosa 


1 sint?a sinta sinacosa sin®acosa 


No indication is given of the nature of Baehr’s mode of investigation. 

We note for ourselves that the elements of the first rows of the 
two alternants are the powers of sin a, whose indices are 0, 1,2,...,”, 
and the multiples of the first n—1 of these powers by cosa; that 
the members of the former group are assigned to the dividend and 
divisor alternately, beginning with the dividend when n is even and 
with the divisor when n is odd; and that the other group is then 
apportioned in like manner, beginning this time, however, in a 
different determinant. For example, when n is 7, the group of 
elements used is 


1, sin a, sin?a, ee sin'a, sin‘a, sin’a, 
cosa, sinacosa, sin?acosa, ...., sin®acosa, 
and the expression for sin(a+6+. . .-+7) 

sina sin’a sina sin’a COs a sin?acosa_ sintacosa 


| 1 sinta sinta sina sinacosa sin?acosa_ sin®acosa 


SCHWARZ, H. A. (1880). 


[ Verallgemeinerung eines analytischen Fundamentalsatzes. Annali 
di Mat., (2) x. pp. 129-136.] 

The generalization is: If the values of t, f,(t), f(t), ..., £,(t) be 
real, and the functions and their derivates up to and including the 
(n—1)" be finite and continuous, then 

| £, (ty) > falta) -..-- £ (Oy) Grokster ets | 
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is not greater than the greatest value of 


f,(7;) f.(71) nee kA 
f,'(72) f,'(72) ose f,'(72) 
f,"(73) f,"(T3) SOOM f,' (73) 
Ur) Erg) eee Ga] 
and not less than its least value, where t,, tz, ..., ty are values, all 
different, belonging to the interval a... b, and 
aS7,=b, pa ea serene. Ce 


Schwarz shows how he was led to the theorem in the case of the 
3™ order by geometry, and it is this case, so illustrated, which he 
also proves. 


IGEL, B. (1880). 
[Zur Theorie der Determinanten. Sitzwngsb.... Akad. d. Wiss. 
(Wien), Ixxxil. pp. 1288-1294. ] 


The second part of Igel’s paper concerns a case of the difference- 
product, namely, the case in which the variables are divided into 
s sets and those in each set are in equidifferent progression. The 
expressions are unwieldy, even after being divided by certain powers 
of the common differences and the limit taken of the quotient when 
the said common differences become indefinitely small. In the case 
where s is 1 the already known limit 

[amt 28-8). . (m—2)* «(1 
is obtained. 


SCOTT, R. F. (1881). 
[Mathematical notes. Messenger of Math., x. pp. 142-149.] 


In continuation of a paper of 1879, Scott now shows in his first 
note (pp. 142-143) how to evaluate alternants of the types 


|sin a cosa .... sin(2m—l)a cos(2m—l)a sin {(2m+1)a+€}] 
1 sin2a cos2a .... sin2ma cos2ma cos {(2m+2)a+§}I, 


the important point being that in the results of evaluation € occurs 
only in the factor sin(2a-+€). 
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RE, A. DEL (1881). 


[Relazione tra due determinanti. Giornale di Mat., xix. pp. 
116-117.] 


An unimportant reply to Eugenio’s ‘ question ’ of 1871. 


KOSTKA, ©. (1881). 


[Ueber den Zusammenhung zwischen einigen Formen von sym- 
metrischen Functionen. Crelle’s Journ., xciii. pp. 89-123.] 


This may be viewed as a continuation of the author’s papers of 
the years 1875, 1876. So far as determinants are concerned, the 
interest of it lies in the fact that one of the symmetric functions 
in question is 

Cy C41 Entre 

Cy-1 Cy Cosa o be 

PRROL INT (0.0, Toaeee 2 Bays 
palace aa ia (Pp, 9 ) say 
where ¢,, Cg, C3,... Stand for Da, LaB, VaBy,...and p+q+r-+... 
is equal to the number of the letters a, 8, y, .... The paper is 
practically summarized towards its close in a set of tables, the 
fourth of which, 
apyo Moa py Bot bAsDas | Lat 


N(4) 1 —3 1 7 me Wi et ig 
N(38, 1) 3 1 —1 —l TSIEN 2) 151) 
N (2, 2) 2 1 1 —1 N(2, 2) 
N (2, 1, 1) 3 2 1 1 —1 | N(3, 1) 
ING CU sella) ine 1 1 1 1 | N(4), 
ie Cree Ce cs Cs 


will suffice as an example. From the 4'" row beginning on the left 
and using the facients at the top, we obtain 

N(2,1,1) = 3aByé + 220?By + Da2G? + DaiB, 
and from the 2" row, beginning on the right and using the facients 


at the bottom, we have 
N(2, i 1) — C4 a C1C3 eon Co" a. C1°Co, 
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If the use of the table ended here, there would be nothing in it 
out of the common,—simply the combining of two triangular tables 
into one rectangular. There is, however, the curious additional 
fact that from the columns we can obtain an expression, in terms 
of the N’s, for any one of the symmetric functions at the bottom, 
and also for any one of those at the top; for example, from 
the second column 

2c, = N(4) + 2N(3,1) + N(2, 2) + N(2, 1, 1), 
and from the fourth column 

~aG = 2N(4) — N(3, 1) — N(2, 2) + N(2,1, 1). 
A point worth noting in regard to the formation of the table is that 
the partitions of 4, namely, 

4e 8215 25a: 221 Pa ee eee 

appear in the notation of each set of functions, namely, in the top 
outside row going leftwards, in the left outside column going down- 
wards, in the bottom outside row going leftwards, and in the right 
outside column going upwards. The tables extend to the 8™ order 
inclusive. 

The user of them needs to bear in mind that, although by Naegels- 
bach’s theorem of 1871 we have 

|a9B'/2d4e7| 

[a®Bly?5%e4} 
an error might be made in taking the first of the above expansions 
of N(2,1,1) as the equivalent of this quotient. The fact is that 
with Kostka N(2,1,1) stands only for |a°G61y3s*| ~ |a°B1y7631, 
that is to say, for what the quotient of the two five-line alternants 
becomes when the number of variables is reduced to four by putting 
e =0. 

Of course the possibility of making the above double use of 
each half-table implies two theorems expressible without any 
reference to tables; namely, (1) the coefficient of c,cycy ... in 
the expansion of N(l,m,n,...) as equal to the coefficient of 
N(A, u,v, -..) in the expansion of Xa"B"y* ...,1,m,n,... and 
A, Ms Vy +++, being conjugate partitions, and the wording of 
(2) differing from this merely in having ¢,¢,¢,, . .. and La"B"y” .. . 
interchanged, 


= N(2, I; i) 
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BURNSIDE, W. 8. anp PANTON, A. W. (1881). 


[The Theory of Equations,... xvi-++-387 pp. Dublin.] 
Among the results deserving record here are (p. 258) 

(42 Mb,+a2b, yb, 

Ag Agb;+Ayb, babs 

3%, A3b,+a,b, bb, 


= | @yby| + | gb | - | ag, |, 


a G, Az, UW 


by bp bs by 
ay? a? as? ay? | _ | ab. | - | @1C2| «| ado + | brea | + | Orde | - | eras | 
‘i Tt Ay Agta, - Dy bobsbq ‘ 


b? de b2 de 


a GM, A, UW 


the former being comparable with one already used (Hist., iii. p. 132), 
and the second being, for generalization’s sake, better written in the 
ROT Cy 0 Uae UDO. (een 0a 
A more interesting pair (p. 258) is viewable as giving solutions of 
the equation 
C(x, y, 2) = — (a, b, ¢, d), 


namely, 
L,Y,% = ab+cd, ac+bd, ad- be, 
2, Y,% = f(a b—c d)?, 4(a+ce—b—d)*, 4(a+d—b—c)*; 


and alongside may be placed temporarily the equality 


l fj v, 

: ; ‘t ne 1 abted a’b’+c'd’ 
ly got gt | mld aetbd ale’ pba! 

ld dé. ad 1 adtbe a’d'+0’e |, 


where the determinant on the left (Hist., ii. p. 451) is manifestly an 
alternant when a’, b', ¢ 0d’ = a*, b*, c, d?. 
There is also given in effect (p. 262) the equality 


3¢7 (a, OFC, d) = | (a—b)? (a—c)® (a—d)3 |; 
(b—c)? (b—d)8 
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and lastly we note (pp. 250, 261) one regarding double alternants, 
namely, 


| (a, —b,)° - (a2—b,)? - (a,—bs)*| 
= €¥(ay, dg, dg)- €#(b;, be, b5)- 3 { Saya_a,—Eay,- 30, + Bay -Ebyb.—Bb,babs} 
the last factor being given equal to 
3{ (a, By) (ag—s) (ag—bg) + (44 —be) (4g—b) (dab) 


+ (a - 553) (de —b,)(as—bs)}. 
The fresh point about the alternant here is that its order is the 
same as the power of its elements. 


SCOTT, R. F. (1881). 
[On some alternating functions of n variables. Messenger of Math., 
xi. pp. 98-103. ] 


The real subject here is Jacobians of sets of similar symmetric 
functions, the paper following effectively on that of Crocchi of 1878, 
and the main functions being the c’s, the N’s, and the s’s. In the 
first place are established anew the simple cases * 


J (¢; Coy see 29 ne = (aay cs, 


J(Ni; Nao. ee: X,,) = é, 
J(s; So, +565 Sn) == n! &, 
where ¢? stands for the difference-product of the independent 
variables #1, @,.... 2». Anadvance is then made to the Jacobians 
in which the degrees of the functions (the c’s necessarily excluded) 
arc no longer 1, 2,..., ”, but any n integers in ascending order, 
say p,q,..-,¢. Thus for the case of the s’s: 


* Tt is worth noting that, after the required differentiations have been performed, 
the first two of these Jacobians are readily seen to be resolvable into 


Lacs eee 1 oe 1 : : Fi Wh Ba eh ge 

Cp Lite: Ll =y¥h ys sy Ni gs Lye Vass 
Cy. pl 26 | eee ee Ney CLL MLS et Sete 
Oh sy th 1 -w w? -w |, Ns Ne Ni 1 ih Sy OES hls 


where, merely for shortness, the order used is only the 4", and a, y, z, w are used 
instead of 2,, 2, ts, % In the case of the third Jacobian, the existence of the 
factor | 2®y!zw* | is apparent without this kind of resolution. 
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= i 
Cee ae ere 
O (Sa Ses ee ce St) ne : Gale tte eae! 
O(@1, Ve, . + Ln) ; 
Cee ge hs nnn ae 
Nea Xa) Ne 
SY NS S 
= 'p—2 7 Oa ca t—2 
= py...t- a, 
Neen Non oe Nis. 


the latter step being Jacobi’s (Hist., i. pp. 341-342) *; and in the 
case of the alephs the result is the same divided by 1!, because 


AC phoebe) ahh Dire alah GOOG ae ona, 
CTC ,) Mino (65, bo tas, yO (i, Gs, nae) 
and the first Jacobian on the right is equal to 1/n! This last point, 

which is important, is made clear by noting that, since we have 


i! 


S, = apie —1 
8S. —S, —2 
Ss So 8, —3 
it follows that Sie e and ORm 0. 
OS m, m OS pt. 


The obtaining of the Jacobians of s,, s,,..., 8, and of &,, &,,...,&; 
with respect to other sets of variables, namely, 

Cy, Cor ++ +> Cn Xi X:; Sve 8:- 9 Sn Sy, Sg, . 
need only be mentioned. It is more interesting to note that a fresh 
function W being defined by the identity 


etre pe PS 


1 + Wie + Woz? +... = (1+N,74+N77+4+ ...), 
and it being ascertained that 
es and a =o 
repetition of the procedure above gives 
OU Woe WV ores Vs) oe oe te ASO OSS) 
Olle, Lin en) G) Ce NRT Oey 


in which the Jacobian on the right has already been found. 


* See also Hist, iii., under Trudi (1864). 
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MUIR, T. (1882). 


[A Treatise on the Theory of Determinants.... vili+240 pp. 
London. ] 


We have here (pp. 161-182) the fullest account of alternants yet 
given in a text-book; and for the first time there is made known 
a general process for finding the quotient of a simple alternant by 
the corresponding difference-product. The process is quite similar 
to the ordinary division-process in Arithmetic, being dependent on 
the multiplication-theorem originally foreshadowed by Schweins. 
Thus, denoting the simple alternant 


|a?b’c"| by A(p, q, 7), 


we have as an example of it 


A(012) | 4(034) | (022) + (112) 
A(034) — A(124) 
A (124) 
A(124) 


giving as result 
| a°b8c* | = | a®%'c? | = La*b? + LYarbe. 
Worthy of note among the exercises are the general equalities which 
include 
| abc | | a°b1e° | 
| a°b1c? | 


| abictd%e® | | a°bictdtes | 


= | ale? | + | a%bc®| + | a%b8e° |, 


| abictde! | = | a%b'cFdte7 | + | a%'c3d5e8 | + |a%b2c3dtes lj 


MUIR, T. (1882). 


[On a class of permanent symmetric functions. Proceed. R. Soc. 
Edinburgh, xi. pp. 409-418. ] 


The symmetric functions dealt with here, called permanents, being 
symmetric with respect to the rows of a square array, are not 
primarily of the simple type met with in the study of alternants, 
where the symmetry, as in Lay, Larbed, ..., is between the 
individual variables. If, however, we specialize permanents as 
determinants are specialized into alternants, we pass over to the 
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simpler type of symmetric function at a single step; for to say 
that 


+ + 
eH Gh ots 
fet Cie BP? 
apie ve y p 


is symmetric with respect to its first and second row is the same 
as to say that it is symmetric with respect to a and 8; in other 
words, 


ae so 
| a™ Ory? | = La" Bry”. 


=a ore | == |. abte? | Sabe® 


is thus viewable as the result of multiplying a permanent by a 
determinant, namely, 


An equality like 


+ + 
Oh Op OE rae a? 
ter OeeDed bya 1 be oe 
Cy GC Ge ll tcmeece 


Now in this paper, as we have already seen, a general multiplication- 
theorem of this kind is obtained, and what we have here to note is 
that specialization of it leads to the conclusion that The product of 
a simple alternant and a single symmetric function of its variables is 
expressible by a sum of simple alternants, whose indices are got by 
arranging the variables in every term of the symmetric function in the 
same order, and adding the indices of each term to the indices of the 
original alternant, the first to the first, the second to the second, and 
so on: * for example, 


| a%b'c2 |. Da2b = | a%%c> | — | a°bFc*| — | ab c* |. 
Another direct consequence of the said multiplication-theorem 1s 
Borchardt’s equality 


+ 
t, — B1)*(2—B 2). - - (Gn —Bn)™ | : | (a,— By) *(a2—B2)* - - » (a, —8,,)-*| 
* | (ay —B1)-? (42 —Be)* AAG as male 
* Schweins’ case of this (Hist., i. pp. 311-318) should have been referred to in 


this paper, but Schweins’ work was not then known to any one, having not been 
brought to light until 1884. 


152 HISTORY OF THE THEORY OF DETERMINANTS 


SCOTT, R. F. (1882). 
{On some determinants whose elements are rational fractions. 
Messenger of Math., xi. pp. 165-172.] 


The determinants referred to are Cauchy’s double alternant (H7st., 
i, p. 345) and others formable from it by ‘ bordering.’ With an eye 


on the known result, 


| (ay —a,)“1(@g—atg) se 


-1; 


(Lp) —n) | 


3n(n—1) 
allie G Gees 


Ln) 2 ion * 


sg Choe) 


where f(x)==(—a,)(v—ay) ... 


(c—a,), Scott begins by multi- 


plying the given alternant by the product of the f’s, and then the 
determinant so obtained, 


I (&1) f(2;) f (21) 
Ly— ay L1—Ayg L4— ay, 
Vg—ay XL_— Ag Lyg—Ay 
AG) OO (A ee 
Vn — Ay Ty—Ag Tn—An |» 


Now, if 


has only to be resolved into the two difference-products. 
in their expanded forms 


f(z) = 2 —¢,2"-1+-¢,9"-2—. ... 
“ 
and Ay = a -t—¢,,"—-*§4 an 8 —, teey 


C,,, thus becoming ¢, on putting a, =0, it is clear that the said 
determinant is the product of 


| Oi oy 1 | I —Cy, Coy — Cg, 9). 8 Ce 
ea ae Cine Yam Sie J il if —=<() Cc —C 
and 12 Ca2 32 
n—-1l m» n-2 
Ly cee “sree Al 1 Cin Con —Con |, 
and consequently 
a n(n—1) 2} Gey Nin Po 
<a C1) fs (oy) ete eek (crs : n) 
O(a gs eyes 


SE) ae a eee 


wen) 
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as desired. The procedure is worthy of attention because of the 
fresh results reached by it. With comparative ease there is evaluated 
Joachimsthal’s determinant formed by annexing 


as a last row C—O) ae sala (Gnu, 0,)* 
and as a last column 1 yer, 1 le 


the determinant formed by annexing 


ai 
as a last row Ga Oh ree (a ay fits 
n+1 
Bex eo ao" 
and as a last column ie ie use | mel 
J (,) I (@n) I (Sn41)' 


the determinant formed by annexing as a last row and as a last 
column 


Le nat eae 0: 
and the determinant formed by annexing 
as a last row I Br, F 1 0 
age 
and as a last column “eae eon ae sau W). 
je) a I (@n) 


Perhaps the most interesting of these is the third, where the effect 
of the bordering is to multiply the original by 


La — Ya; 
in the other cases the like connecting factors are 
(Ln41—Ln) (Lata —Tn—a) + ++ (n41—X), 
(Ln41—Ln) (Lna1—Fn—1) + + (Wn41—%) + f(Fn41), 
—Nrnsi(@1, Lo, - +, Ln), 


respectively. As a sort of appendix Scott establishes Brioschi’s 
improved result of 1857 (Hist., 1. p. 187). Here his procedure is 
to take Cauchy’s result for the double alternant of the (2) order 


(iO) want (Lag) et eh ey, oe 
(@) 20) (= as) (% Gn)? 
(%,—a,)r* (Xe a5)? a) (9 —ay,)-* 
(aga) ) SAI h2 02) eee, (2 0p,) 7 
We mao eee eS 


(Ue Os)ae (2, —a_)~* DOTY (Sp, —Agn)—* ’ 
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diminish each (r+-2) row by the (7+1)", remove the factor 2,—y, 
thus disclosed, and then put y, =2,. He also extends the equality 
from the (2n)* order to the (mn) order. 


MITCHELL, 0. H. (1882). 


[Note on determinants of powers. American Journ. of Math., iv. 
pp. 341-344 ; Johns Hopkins Univ. Cire., 1882, p. 242.] 

The contribution here is that the number of terms in the quotient 
of | atbfcrd? | by | a%be2d3 | is €4(a, B, y, 6) + €2(0, 1, 2, 3). The 
author first shows at considerable length that all the terms in the 
quotient are positive, and then in Jacobi’s expression for it, namely, 

Na Ns Ny Ns | 

Na-1  Ne-1 Ny-1 Ns-1 | 

Na-2 Ne-2 Ny-2 Nos-2 

Na-3 Nes Ny-3 Ns-s |, 
he naturally puts a =b =c=d=1. Since the number of terms in 
the m” aleph function of n letters is (m-+-n—1),_,, he thus obtains 


(a+3)s (8+3)3 (y+3)3 (6+3)s 
(a+2)3 (8+2)s (y+2)3 (6+2)s 
(at+])s (8+1)3s (y+1)s (6+1)s 
(a)s (8)s (y)s (d)3 | 
which by subtraction of rows is seen to be 
1 1 1 1 
G0 PCa eae = ; 
F | alesa(Ble aloe Osdanie th eke alae nail 
(a)3 (B)s (ys (4)s 
as we know from Stern (1865) and Zeipel (1865). 


NOVARESE, E. (1882). 


[Intorno ad alcune formole di Hermite per laddizione delle funzioni 
ellitiche. Atta... Accad....di Torino, xvii. pp. 607-621, 
723-739. | 


One point of interest here is the fact that the expressions obtained 
are in the form of the quotient of two determinants. Of greater 
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note, however, is a theorem communicated to the author by Siacci 
and utilized as the basis of the result of the second paper, namely, 
When X,, X2,..., X, have the common value x, then 


| Pals) Pale) +» Gale) orl) $'o00) --» gh-M)| 


reduces to 


| ral) CNIS 04 oem VM bei | | Wi (x) “Ua G4 Es baths 164) | 4 


By means of this the passage is made from addition to multiplication. 


BESSO, D. (1882). 

[Di alcune proprieta dell’ equazione differenziale lineare omogenea 
del second’ ordine. Atti... Accad. dei Lincei, Mem. (Roma), 
xiv. pp. 14-29.] 

Incidentally it is shown here that the determinant of the 2n'" 
order, whose h"™ row (h=n) is 
MO STRD ith A Br aig age 
and whose (nh) row is 
OR Pie aes ee (OL) ae a, 
is equal to 
2mn—1) 4 
(Sy OG aa, a)! 
In this connection Franke’s paper of 1876 (Hist., ili. p. 159) may 
be recalled. 


GARBIERI, G. (1882). 
[Sopra alcune classi di funzioni simmetriche. Atti... Ist. Veneto 
di Scv., (6) 1. pp. 33-74. ] 

This long paper is avowedly a continuation of that of 1879 (Hist.. 
li. pp. 163-166). In its first section (pp. 34-53) it still concerns the 
quotient 

| f:(41) -fo(as) ue Frlan) | A Giag Ag, «++, Gays 
but the result obtained, although interesting, is a little far-fetched 
and less likely to be of value. Thus, when n is 3 and the three 


functions are P 
Jo t+ Ge +... + Ys", 
hg thot... hx, 
kot hye +... + 2°, 
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the equivalent of 1879 is 
Jo 91 92 9s Ge Go| + Ss 


were the c’s are defined by the identity 


Cat? + Cn? + 01 +) = Cy (x—a,) (4—ag) (2—as) ; 


whereas now the equivalent given us is 


Jo Gx Gs°.9s “Us. Ge) = Vos 00 6, 
hy ty Age he eee es SOT PT 2 
ke ky UGaterken Bee a he Ce UG a Ca hs 


by 0, by by by bs 


Coty, TICg iy Sarg 
in which the b’s and c’s are defined by the identities 
bse® + byt +... +09 = b;(x—ay)(w—ag)(x—ag)(w—8,)(w@—Be), 


eytt +... + Cy = Cy(%@—a,)(4—ag) (v—ag)(4—y). 


This means that a,, ag, ag are now roots common to two equations : 
and that the determinant-quotient just written, notwithstanding 
the presence in it of the other roots 81, 84, y, is independent of them. 
The first and main step in the new proof is quite similar to that of 
the old, consisting in multiplying the dividend determinant by 


Gla, dg, 43, Bi, Be, Y), 1.€. | a,° ay! a,” 6,° Bo" vs |. 


The quite general theorem is fully investigated, that isto say, 
the theorem in which the degree of the given functions is n, the 
number of functions and of common roots is m, the degree of the 
b-equation is s, and the degree of the c-equation t, s being taken for 
convenience > ¢. The dividend-determinant in the equivalent for 
LCT) eer PA Ela, -++ 5 Q) has then t—m rows of 6’s 
and is of the degree n+1 or s+t—m, according as the first or 
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second of these numbers is the greater: the divisor-determinant is 
the complementary of the first m-line minor of the dividend. 

The second section (pp. 54-74) is devoted to a similar treatment 
of the quotient 


| F(a, 1) - F (a2, Be) Bac F(a, Bn) | 
Cian OO) An) « (8, Cr) Bn) 


as 1s of course natural in view of the author’s previous work. 


? 


. 


REHOROVSKY, V. (1882). 
[O vytvornjici funkci Borchardt-ove. Casopis pro pestovini math. 
a fys., xi. pp. 111-120.] : 
This is another examination of the equality 


| (ay). - «fg —atn)? | 
+ 


+ 
=| (ay). rea) || 9a) tnt) | 
and of the associated generating function, the author being moved 
thereto by Bruno’s chapter on the subject. 


POSSE, C. (1883). 


[Sur le terme complémentaire de la formule de M. Tchebychef don- 
nant l’expression approchée d’une intégrale définie par d’autres 
prises entre les mémes limites. Bull. des Sci. Math., (2) vii. 
pp. 214-224. ] 

Incidentally there is here (pp. 221-223) formulated and proved 
the theorem that ¢f x,, Xo, .--, Xnui be independent quantities and 
f(x) any function that 1s continuous for all values of x lying between 
the least and greatest of the said quantities, then 


ie xe Xi? SID ex 2 (x7) os ie CO(Sa, ANON x, ck VOcEh( A) 

eee net xg aeete. a0eX5 nL (XS) 

eS. Ae 
where {"(x) denotes the n derivate of {(x), and € a quantity inter- 
mediate between the least and greatest of X1, X2,---»,Xn4i1- The proof 
is gradational, the known case where n =1 leading to that where 
n = 2, and so on, 
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CRAIG, T. (1883). 
[On a O-function formula. American Journ. of Math., v. pp. 
350-357. ] 
What is of value here properly concerns the O-functions : it is 


interesting, however, for us to note the peculiar type of determinant 
used, namely, 


| O(u) - 8’(v) 0" (w) 0") |; 
which is an alternant with respect to wu, v, w, ¢, and in which the 


first element of each row gives rise to the others through being 
differentiated. 


A] 
EDWARDES, D. (1884). 
[Question 7952. Educ. Times, xxxvii. p. 388.] 


The assertion here is that 


D, 32D 0D, ¢ aeDsinr De litag at 
D?|D; Dy, Ds| + D,ieDje Dilu=i0iyato Danesh) ie 
Dia Deal al D4 Dae: 1 ¢ ce 


In the absence of any proof we may note that the expression involv- 
ing the D’s is a two-line minor of the adjugate of 


: Dees 
; Dy Ue) 
Ds, DD, 0, 
Ds Dy Ds De), 
and is thus known to be equal to the product of this determinant 
by its central two-line minor. It will suffice, therefore, if we can 
prove that one of these factors vanishes when the D’s are specialized 
as stated. Now, since the specialized D,, is divisible by D,, the 
quotient being the aleph function (a, b, c)"-* or &,_2, the four-line 
determinant is seen to be equal to 


D,' ° ° 1 XS, 
1: XN, X, 
1 &, NS, 


X) ®2 Ns; Na ? 
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and therefore equal to 0, as we know from Trudi (1864), or as the 
use of Wronski’s relation 
col, — Xa-col,; + Sab -col, — abe-col, = 0 


makes directly clear. 


GORDAN, P. (1884). 
[Ueber Gleichungen siebenten Grades, mit.... Math. Annalen, 
XXv. pp. 459-521. | 
Three pages (§ 4) of this are devoted to the symmetric functions 
|ryre"| + Ola y, 2) 
| -y"-(2—a) (2-9) | + F(a, y, 2) 
but the results obtained, though useful in connection with the main 
subject of the paper, are not otherwise noteworthy. They are based 


on what may be conveniently called the multiplication-theorem of 
alternants (see above, p. 151 and Hist., iii. p. 155). 


FOURET, G. (1884). 


[Sur deux formules trigonométriques d’interpolation, applicables, 
Tune aux fonctions paires, l’autre aux fonctions impaires. 
Comptes rendus ... Acad. des Sci. (Paris), xcix. pp. 963-966. | 

[Sur une formule trigonométrique d’interpolation applicable 4 des 
valeurs quelconques de la valeur indépendante. Comptes 
rendus ... Acad. des Sci. (Paris), xcix. pp. 1062-1064. ] 


So far as determinants are concerned Fouret’s results are redis- 
coveries, those of the first paper having been given by Prouhet in 
1857 and that of the second by Scott in 1879. 


JACOBI, C. G. J. (1884). 
[Additamentum ad Commentationem quae inscripta est: Dis- 
quisitiones analyticae de fractionibus simplicibus. Gesam- 
melte Werke, i. pp. 553-582. ] 
The theorems regarding alternants given in this posthumous 
memoir are essentially the same as those published by Jacobi in 
1841 (Hist., 1. pp. 331-342). 
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JOHNSON, W. W. (1885). 


[Reduction of alternating functions to alternants. American Journ. 
of Math., vii. pp. 345-346. ] 


The function in question is 


$1(y 3 yy gy 000, An) a (Ay ny Agy vey An) vee Pu (My 5 as Bgy vee » Mn) 
Pr (Mg 5 Ay, My, «ey An) Po (Agi My, Mz, +s An) see Pn (Mg 3 Ay, Mgy +++» An) or, ® sa 
$1(Gn$ Oy, Ags 2025 An—1) Pg (Gn§ yy Megs very Ung) ++» Pn (Gn3 As Mas oor» Gn—-1) 
. 3 s - 
where (a,; do, ds, . . -, %») denotes a function of the a’s which 1s 


symmetric with respect to those following the semicolon; and the 
theorem is that & is expressible as a sum of alternants the aggregate 
of whose principal terms is equal to the principal term of ®. Thus 
the principal term of 


‘1 BP+c a?+be 
}1 @&+a? b+ ca 
il a+ c&+ ab 
being equal to 
ct + a? + ab +a, 
which can be written 
abt +-a2b%? + albic? + abe, 
the determinant itself 
oe | abc! | + | a?b°c? | + | a1b}c? | _ | a®b1¢° | 
= 0+0+0 —|a%%c3| 
= —(a+b+0)- Ga, 8, 0). 


The proof rests on the fact that the interchange of the h™ and k™ 
rows is equivalent to the interchange of a, and a, in the function. 


JOHNSON, W. W. (1885). 


[On a formula of reduction for alternants of the third order. Ameri- 
can Journ. of Math., vi. pp. 347-352.] 


The formula in question furnishes a complete solution of the 
problem of finding the quotient of a three-line alternant by the 
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difference-product of the variables. It may be written, q being 
= 40> 


abot ‘ 
So = (Lat ?oP-1 +...) + abe(Sat ‘bP? +...) 
+ a®b*c? (Lat *hP-37 4...) +..., 
where Ya*~*b?-! +... . means Ya‘-*b”-! and all the terms following 


it in the aleph function of the (¢-+-p — 3)" degree,—in other words, 
the said function as truncated by cutting off all terms that have an 
exponent greater than q —2. Thus 


abc? 
a5 = (a°b* +...) + abe(La*b? +...) 
= Da°bt + dab ce + Da®h2c? + 2>'a4bte 
+ 2>a4b%c? +- 2>'a3b%c3 ; 
| a°b%c8 | see re 
[ale] = (Lae? +...) + abe(Latb' +...) + abe? (La? +...) - 


I 


Dah? + YSa®be + Ya5b? + 23a°b2c + Datb* 
+ 2>a4bic + 3S atb2c? + 3D a8bec?. 


All that requires to be proved is 


RonO meee ery ge [arbor C| 
ae] ces (Sat-*bP-1+....) + abe- Tait] 
or | abc! | == | a%c2| . (Lat-2bP-1 4...) + | atb?ct? |, 


which would be very simple if we were furnished with a theorem for 
the multiplication of an alternant by Yat*b’-1+ ... similar to 
Schweins’ for multiplication by a simple symmetric function or by 
an aleph function (Hist., i. pp. 311-318). In default of this Johnson 
supplies the interesting lemma 


Doe pt = Na Ne 20 ee (r = 2m), 


adducing by way of proof the fact that if the terms of N,, be sym- 
metrically disposed in the form of an equilateral triangle, the terms 
of &,.Da”-" occupy three equal-sized portions cut off by lines 
parallel to the sides, and the terms of Za"™-’-1b"t? +... constitute 
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the remainder : * for example, the diagrammatic illustration of the 
equality 
Nz — N,- Da® + (Sa5b3+ . seit } 


would be 
a8 
a’b ac 
a°b a’be asc? 
ab? abtc a®be? aec3 
ab4 atb®c §=— ab®c? Ss atbc® ~— asc 
ab —s abe 3=— abc? a*b*c aoc” are 
ab’. a2b'c a2btc® ~—a*B8ce_— a*2b2c*_— a oe azcé 
ab? ab’c™. abc? ~—abtc®_— abc ab2¢5 abe’ ac? 
bS b’e SS Sc® bec? gn bict be5 B® hc? 


He is thus enabled to substitute 
Noises  Np-2 ~ Sat  for’, Dat ooet os eee 
so that the right-hand member of the desired result becomes 
| a®bice+i-1 | sel | a°b\c?| ° Yai-1 + | ab?ei-1 |, 
and therefore by Schweins’ theorem 
| abicrt+i-l | exes ( at—'bl¢? | + | a°bicr | + | a®bicr+a-1 \) +. | ab?ei-1 A 
which reduces at once to the left-hand member. 

Other proofs of the lemma are given, but the foregoing is the 
most instructive. The author also points out that it is true for 
alternants of any order, but adds that for the 4" and higher orders 
it does not in general provide a ‘formula of reduction.’ As an 


exceptional case where it does, he instances | a%b'c?+?d?+5|, the 
formula then being 


| a®bicrt2 qp+s a 


[ated | | = (La’b? +...) + abcd. 


_[ar%btcrd? +t | | 
| a°bic2d8 | 2 


which he illustrates by putting p =5. 


* Tt should be noted that when m is odd there exists a unique equality of this 
kind, namely, 


Nouti = Nu- Zattl + (ZarbHe+ . ..). 
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JOHNSON, W. W. (1885). 


[On the calculation of the cofactor of alternants of the fourth order. 
American Journ. of Math., vii. pp. 380-388. ] 


The central fact of interest here is the discovery of a ‘formula 
of reduction’ for alternants of the 4" order similar to that for 
alternants of the 3" order, namely, 

96? e1d" 0h P—-1¢4-1qr—2 
pa iMer aed coe 

or, say, 

(0, p,9,7) = Q, + abed.(0, p—1, q—1, r—2), 
where Q,, the first instalment of the quotient, begins as before with 
da"-*h+*c?-1, but does not necessarily include all the simple sym- 
metric functions following Da"-*b-*c?-' in N,1¢4,-6 nor have such 
functions confined to the coefficient 1. For example, 

(0, 2, 3, 7) = Lathe + Datb2c + 2Va%bed + Da2b2c? + 2Da2b2cd 

+ abcd - (0, 1, 2, 5), 
where in Q, the term Ya*b? does not occur. Much of the paper is 
occupied with explanation of the origin of Q, and with simplifications 
of the original mode of finding it. In the course of this 

(0, 3,5, 7) and (0, 4, 7, 9) 
are calculated as illustrations, and at the close there is also given 
the calculation of the more serious example 
(0, 5, 13, 17). 

There being occasion to use as a check Mitchell’s rule for giving 
the number of terms in the full quotient, a more natural proof of 
the said rule is appended.* 


*It would have been still more natural to say that the number of terms in 
| a?b%o" | + | a%1c? | is the limiting value, when h=k=1=0, of 
[(L+h)P(L+k)2(1 +)" | + | (1+h)9(1 +&)1(1 +1) |, 
ae, of 
1 (p), (P)2 (P)s 
1 (qi (2 (%)s 
1 (r), (rs (r)s 


Ite 10 
Lee ice 
Ue Lele 


lk oe 
Lie ale 
fe on 


1 
1 
1 


La eh pl? pte tice 
oll 


> 


lq (Qs 
tog (ep 
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SALMON, G. (1885). 
[... Modern Higher Algebra. 4 ed. xvi+360 pp. Dublin. ] 
We note the alternants 

sin(a-+a’) sin(a+’) sin(a+y’) | 

sin(8-ta’) sin(8+A’) sin(8-+y’) 

sin(y+a’) sin(y+8') sin(y+y’) |, 

1 sina sin(a+6) sina sin(a+6) 

1 sin@ sin(8+6) sin@sin(8+6) 

1 

1 


siny sin(y+6) sin ysin(y+6@) 
sind sin(d+@) sind sin(d+6) |, 


the former as being the product of two zeros, and the other as being 
equal to 


II sin 4(6 —y) - 16 sin 6 sin(a+8+y+é6+8). 


The result of squaring zero in the form 


cos8 sing 


cosa sina : 
cosy siny 


is also noted : likewise the producing of 
| (@; by)" (@g—be)” . . - (@n—bn)” | 


by means of the multiplication-theorem. 


JOHNSON, W. W. (1886). 


[On a geometrical representation of alternants of the third order 
and of their quotients when divided by A (0,1,2). Quart. 
Journ. of Math., xxi. pp. 217—-224.] 


This is an elaboration of the diagrammatic part of the author’s 
second paper of 1885, culminating in the representation of 
| a°b?ct | — | abc? |: 
by means of a series of concentric hexagons, the first, as we already 
know, corresponding to 


Sar thes) oe ns 
the second to 
abe, (DatAb* +... «), 
and so on. 
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ANGLIN, A. H. (1886). 


[Sur le coefficient du terme général dans certains développements. 
Journ. (de Liouville) de Math., (4) ii. pp. 189-150. ] 
The coefficient in question is 
La ar2(bm+c™) 
—]1 Bb Br (em Lam) 
ie ter*(a*= 6") as 
but determinants are not at all used or mentioned. 


ANGLIN, A. H. (1886). 


[On certain theorems mainly connected with alternants. Proceed. 
R. Soc. Edinburgh, xiii. pp. 823-839. ] 


The first result here is that if the p” aleph function of a, b, ¢, .. . 
be denoted by (p), then 
Pa) a a? ae Sane 
(p) (+1) (42) (048) 
Ad) aa) Sq 2) (q--3) 


| | 


Gr) ereiaie 1) shalt?) Pate8 aaleae | 


as independent of a. The reason of course is that any column is freed 
of a by being diminished by a times the immediately preceding 
column: and Anglin’s equivalent determinant of lower order is at 
once got by puttinga =0. The next result is that the product of the 
complementary minors of the elements of a column of an n-line alternant 
has the (n—2)” power of the difference-product as a factor. Thus, in 
| w’b‘c"d* | such a set of complementary minors must be divisible by 


66d), GHe da), CMd,a,b), Hla, 8,0) 

; F 4x3 th 
respectively, and therefore their product by the =") power of 
€*(a, b, ¢, d). 

The expression of the product of the minors of an n-by-2 array 
is then taken up—a subject hitherto not explicitly considered—and 
some deductions are made. Thus, when the array is 


by bg bs by 
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there is obtained 
| a,b, | | abs [| ayb4 | | debs | | Agd4 | | gb, | 
= |a,3bgbyb, a,2 ab, 5? 
s8bxb4b, Ae? Gabe 0," 


2 3 
= |a,> a,°b, a,b 0, 


dae Osby dbs 04" 


@z® ds*b, 30," 6," d3°byb1b, ds” dgbg 05” 
ag? afb, a07 6 Gyb,bob, ag? Agdy 04? 
= ay°dgbgby* | Myb3 | | d2b4| | 4304] — -- +. — d4°bybybg-| dbz | | 13 || dads | 


and by taking the ‘complementary’ of this* with respect to 
| aybyc,d,| and dividing by 
| Bice | | byes | | Pica | | bees | | bea | | sca | - | t2bsCa | | ayb3Cq| | AydoCq| | 4120s | 


there is deduced the equality 


. | aybocads |* 
| @yb3ca| | a1b5Ca| | AybyCq| | aybo¢s | 
| betsy ee. Blick ne he | byes |* 
| bacg| | deca] | bsca| | Gaba | | byes| | byca| | Osea] | 4rbs¢g | 
L | bycod’s |* i | byCeods |* 
| byco| | bya | | O2ea| | 21b2¢¢ | | bycy| | bye3| | bee3| | @yb2¢s | 


the right-hand member of which takes two other forms on account 
of the left-hand member being symmetric with respect to a, }, c. 

The paper concludes with a geometrical application of the theorem 
of which this is a case. 


ROGERS, L. J. (1886). 
[Question 8765. Hduc. Times, xxxix. p. 372: Math. from Edue. 
Times, xvii. pp. 88-89. ] 
The subject here is the double alternant 
tan(x,-+a,) tan(x,+a,) tan (x,-++a5) 
tan (®%+a,) tan(a#,+a,.) tan (a®.+a5) |, 
tan (v3-++a,) tan(z,+d_) tan (x3+ds) |, 
but all we learn is that it vanishes when 
LY, + 7%, +%, +a, +a, +a, =—0, 
and that the same is true for the determinant which differs from 
it in having sines in place of tangents. 


* Not exactly ; it would be literally correct if the previous b’s were d’s. 


ob 
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SCHRADER, W. (1887): SPORER, B. (1887). 
[Beitrage zur Theorie der Determinanten. vi--156 pp. Halle a.8.] 


[Hin Satz iiber Determinanten. Math.-naturw. Mitt. (Tiibingen), 1 
pp. 103-106. ] 


There is here a very full section on alternants (pp. 98-112), but 
unfortunately the numerous special results had all already appeared, 
some in Muir’s text-book of 1882 and many others in Johnson’s 
papers of 1885. Other determinants to which a separate section is 
given, namely, those with so-called ‘factorial’ elements, are in 
reality alternants, being expressible as sums of multiples of simple 
alternants. For example, taking a, 8, y, 6 instead of the d, 2d, 3d, 
4d of a®'", we have 


1 @ a(a+a) a(a+a)(a+)(a+y)(a+6) 

1 6 b(6+a) 6(b6+a)(b+8)(b+-y) (6+6) 

1 ¢ cleta) e(cta)(e+8)(e+y) (c+6) 

1 d d(d+a) d(d+a)(d+)(d+y)(d+6) 
el ¢@..07 4-00 0° ¢*> a aL OG 


I 


Laf. 


cana ho 


ae Othe OF Wc 


Bek |e a a a 


The note of the other writer concerns the alternant Altay dealt 
with by Garbieri in 1878. 


MUIR, T. (1887). 


[On a class of alternating functions. Transac. R. Soc. Edinburgh, 
XXxill. pp. 309-312.] 


When the number of variables in each of the two sets involved 


is 4, and m, n, r are integers not greater than 4, the function is 


or, say A iis tae 


|omord"| (a—a)(a—Byla—y)la—s) , [amend] (b—a)(6—B)(6—y)(b—6) 
[b%id?| — (a—b) (a—c)(a—d) | a%ctd? | (b—a)(6 Salt a 
|avbrd"| (c—a)(c—8)(e—y)(c—6) 4 Javb"c"| (d—a)(d—f)(d—y)(d—8) 
| a%'d2 | ~ (e—a) (e—b) (c—d) | ab}? | (d—a) (d—b) (d—c) 
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and the object is to show that while it is symmetric with respect 
to a, b, c, dand symmetric with respect to a, 6, y, ¢, it is alternat- 
ing with respect to the interchange 


G be 4 
Gao ye 
This is accomplished so far as the symmetry is concerned by trans- 
forming it into 
1 : i a™brc'd | a | a™b"c'd | > 1. | a™bc'd2 | -LaB ] 
| a°b*c?d? | —|abre'd|.LaBy + | a™brc"d®|.LaBydJ. 
Alternancy is then demonstrated by considering separately all the 
possible sets of values of m, n, r, the final result being /f m, n, r 


arranged in order of magnitude be any three of the values 0, 1, 2, 3, 4 
and u, v arranged in order of magnitude be the remaining two, then 


Lie, urs; | S4-uT74_y iF 
where s and o are explained by the examples 


Ss = BU oy ao ye 


RUSSELL, A. (1887). 


[Question 9017. Educ. Times, xl. p. 135: Math. from Educ. Times, 
xlvii. p. 124.] 
This and Sylvester’s unsolved question 2810 of the year 1869 are 
both included in Muir’s first paper of this year. 


MUIR, T. (1887). 


[On the quotient of a simple alternant by the difference-product of 
the variables. Proceed. R. Soc. Edinburgh, xiv. pp. 433-445.] 


Three pages at the beginning of this are devoted to a resuscitation 
of the author’s method of 1879, his action being due to the fresh 
interest created in the subject by Johnson’s papers. The peculiarity 
of the method lies in that it determines the arithmetical coefficient 
of any one of the simple symmetric functions without regard to 
any of the rest. It is stated in the form of a ‘rule’ and leads in 
the case of the 3" order to the conclusion that the coefficient of 
Za*b’c* in the expansion of | a°b’c'| + | a°blc?| is the number of 
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ways in which by taking a number from 


OG ae ez LZ 
and a number from 


P, Poet, -:-, q 2, q —1, 
the sum y +z2+1 may be obtained. To illustrate it in the case of 
the 4" order Johnson’s example (0. 5, 13, 17) is taken and the 
coefficients of Ya!b%c7d3, Ya1b%c%d4, Dal}%5d> found to be 35, 46, 
50. The following results connected with this order are then estab- 
lished at length. 

(1) The expansion of | a°b'c3d3+*| ~ | a°b1c2d*| consists of all the 
single symmetric functions which have no index greater than s, and the 
sum of whose indices is s+1, the coefficient of each function being 
less by 1 than the number of different letters appearing in any of its 
terms ; for example, 

(0, 1, 3,7) = Lath + Lar? + 2Da%ec + 2Ea?b2e + 3Da2bed. 

(2) The expansion of | a%b®c3d3+*| + | a%btc2d3| consists of the 
single symmetric function La*be and all the like functions succeeding 
it, the coefficient of every term involving three letters being 1, and the 
coefficient of every term involving four letters being 3; for example, 

(0, 2, 3,6) = Satbe + DYab2c + 3Da2bed. 
(3) The expansion of 
(0, 1, g, r) — (0, 2, g, r—1) + (1, 2, g, r—2) 
consists of the symmetric function La'-*b'-* and the like functions 
succeeding rt, the coefficient in every case being 1, 2.e. (Za‘-*b-2 +. ..). 

(4) The expansion of (0, 1, 2+8, 3-+8) ds 
fe Dae) ete 4b ed =e. eb l(Sa-eb 26%? 2s.) oh, 

(5) The expansion of 

(0, 2, 2+8, 3+s) — (1, 2, 1-+s, 3+s) 
ges(a' b'C AF seek.) 
(6) The expansion of (0, 1, 2-++s, 4-++8) zs 
(La*-1b*+ . . .) + (La®b’c +. . .) + abcd (0, 1, 8, s+2). 
The paper concludes with tables giving the quotients from (0, 1, 2, 4) 
to (2, 3, 4, 6). 
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ANGLIN, A. H. (1887). 
[Théorémes sur les déterminants. Bull. Soc. Math. de France, xv. 
pp. 120-129.] 
[On the summation of a certain series of alternants. Proceed. R. 
Soc. Edinburgh, xix. pp. 194-203.] 

The theorems in the first paper are rediscoveries, having indeed 
already found their way into the ordinary text-books. 

In the case of the second it is different, only the lemma which 
is brought forward and established being a rediscovery. In the case 
of the 4*" order the new theorem is that the sums 

| a?+tbtctds | + | a°b*Herd*| + | aPb*c™+4d*| + | atb%c'd*+? |, 

| aPt1hi+ierds| a3 | aPtpicttids | we we See | aPbac™tidst1 [; 

Par biter ds oe pater + | aPbtte"+1q5+1 | 
can each be expressed as a single determinant multiplied by the differ 
ence-product. By way of proof it has only to be noted that the 
quotient of the first sum by ¢ *(a, b, c, d) is known from Jacobi to be 


(Da teen 0) cement) (s) Cp) te Gt ptt) (s) 

(P) pera uated ie era) 4. (pV (G) oe (ted) 4 
bes (g—2) (r—2) (s—2) (p=ayn G1) 2) 2) 
(p—2) (q—8) (r—8) (s—8) (p—3) (q—2) (r—8) (s—8) 


where (p) denotes the p'" aleph function, and this by Le Paige’s 
theorem of 1880 is equal to 


(p+1) (a+1) (+l) (+1) 
(p—1) se (Yeu] et iregh) ae (eere) 
(p—2) (q—-2) (r—2)  (s—2) 
(p—3) (g—3) (r—3)  (s—8)]. 


In the same way it follows that the two other sums are equal to 


(p+1) (G+) (+1) (st1))@, |(p+1) @+l) (41) (+1 2 


” @ ®  &) ”) @ ® ©) 
(p--2) (g—2) (r—2) (s—2) (p—1) (q—-1) (r—-1) (s-) 
(p—3) (g—8) (r—3) (s—8) (p—3) (q—8) (r—3) (s—3) 


respectively. 
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MARCOLONGO, R. (1887). 


[Generalizzazione di un teorema sui determinanti. (Giornale di Mat., 
XXV. pp. 298-302. | 
The portion of this which is new is readily suggested by Besso’s 
theorem of 1882, being in effect that the determinant of the (2n)" order 
whose h" row is 


Pr(21); pn(22), CS Cg) Pr(Ln), fn (@y); hn (2); DEO 1) fr (En) 


rh —2 


where p,(x) = v1 -+ terms in x oe 


i ipl a 


is equal to (—1)in@m-)). C(a,, oy Cran ofp) 


WEIHRAUCH, K. (1887). 


[Ueber gewisse Determinanten. Zevtschrift f. Math. u. Phys., xxxiii. 
pp. 126-128.] 
The determinants in question, P and Q say, closely resemble one 
dealt with by Scott in 1879, and Q is actually included in another 
of Scott’s of 1881. They are 


1 cosa, sina, cos2a, sin2a, .... cos(m—l)a, sin(m—l1)a, cosma, 
1 cosa, sina, cos2a, sin2a, .... cos(m—Il1)a,y sin(m—1)uy cos mag 


and the one formable from it by putting sines for cosines in the last 
column. Instead of evaluating them separately with the help of 
the exponential values of the sine and cosine, Weihrauch evaluates 
with the same help 


P+Q:, 
which is also a determinant, and so finds readily 
P = (—1)™ = -Q2mlm—D+1 . TT sin 4 (aam—Gem—1) + Sin ga, 
Q = (—1)m-2. 22mlm—041. TT sin $(dem—Agm—1) + C08 5 Za. 


It is interesting to learn from the writer that P and Q are not a 
product of fancy, but actually arose in the course of a meteorological 
investigation led up to by his professional duties. 

We note for ourselves that if we increase each of the angles of 
the last column of P by € we obtain a determinant equal to 


P cos €—Q sin €, 


172 HISTORY OF THE THEORY OF DETERMINANTS 


and therefore equal to 
aot Dera -I sin 4 (G2m—am-1) - sin (32a +€). 
Further, if we treat the last column of Q in like fashion, the value 


of the resulting determinant differs from that of Q merely by having 
é added to 42a, which is Scott’s generalization above referred to. 


STIELTJES, T. J. (1887). 


[Sur une généralisation de la formule des accroissements finis. Bull. 
Soc. Math. de France, xvi. pp. 100-113: or Nouv. Annales de 
Math., (3) vii. pp. 26-31.] 

The theorem here reached is a variant of Schwarz’s of 1880, 
namely, that if the functions 


f(t), gu), h(u), ke), 
I(u), gu), hu), k 
Fi (uy og Ch), | ayer Gin): 
be finite and continuous, and z, y, 2, ¢ be values of uw taken in ascend- 
ing order of magnitude, then 
f(z) g(x) h(x) — K(x) 
| F(a) gy) hl) kW) | Lift) gn) RG) 


| ay 2% | Mata er) gS) WG) BG) 
per) gf Ur) Wa) |, 
where » lies between x and ¥, € between x and z, and + between x 
and ¢. A simple proof is obtained by repeated use of the familiar 
theorem sought to be generalized ; and then on the further sup- 
position that 
fu), gua), Wu), Bu) 

are continuous, it is shown that if a, y, z, ¢ tend toward a common 
limit a, the equality will still hold if , ¢ 7 are also put equal to a. 


MUIR, T. (1888). 


[On a class of alternants expressible in terms of simple alternants. 
Proceed. R. Soc. Edinburgh, xv. pp. 298-308. ] 


The alternants referred to are those dealt with by Johnson in his 
first paper of 1885, and the last of the three methods explained does 
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not really differ from Johnson’s. The subject, however, is treated 
in greater detail, and pains are taken to make clear the possible 


simplifications of the procedure, application being made to show 
that 


1 be+bd+ed b8c+b8d+ce%+... bed +-b4cd*-L bed! 
1 ed+cat+da cCd+catde+... ctdta+ctdat+cdtat 
1 da+db+ab da+d®b+a%d+... d4a%b+dtab++datb4 
1 ab+ac+be a®b+a%ce+b8a+... atb4c+atbct+abict 
_ =| arbrcsd? | +-| ab3c4d? es ab3c5d? | — | a%b4c5ds | 
— | a%b?c8d? | — | a®b%ctd® | + | atb®c5d® | . 
A table is added giving the equivalents of 
la a a’. (b,c) 
1 Bp le oy F(c, d, a) 
ORO Gd F(d, a, b) 
ied “a Bla; b, c) 
for all cases where a’: F(b, c,d) is of the 9" degree, and where of 
course F is symmetric. 


ANGLIN, A. H. (1888). 


[On certain theorems mainly connected with alternants (II.). Pro- 

ceed. R. Soc. Edinburgh, xv. pp. 381-396. ] 

[Alternants which are constant multiples of the difference-product 
of the variables. Proceed. R. Soc. Edinburgh, xv. pp. 468-476. ] 
The specified subject of the second paper here is also the actual 

subject of the algebraical part of the first, and both are mainly 

occupied with a special class of alternants belonging to the type 


i EIRP ay POR ee I 
LIS eR pt mL (OSs Gs ez) 
where F is a symmetric function of all the a’s that follow the semi- 
colon. Unlike his predecessors Anglin confines himself to the case 
where F is of the (n—1)" degree, and where therefore the cofactor 
of the difference-product is independent of the a’s. The first result 
to be noted is that if F be a simple symmetric function, and in the 
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D-specification of it a of the letters used are alike in their exponent, 
B others have a similar mutual resemblance, yy others a similar, and 


so on, then the cofactor of G3 as , 
(—1)sthtrt oe, Ce cichees ae. : Jt 
al Blt . 
For example, if the variables be a, 6, c, d, e, and if the simple sym- 
metric function free of a be Db%c, the desired cofactor is 


a es ae 
Lhe og 


and we have 
V1 an ato, a* 2p | 
L bb ec 


— 2.@(a, b, C, d, e). 


Similarly, if the variables be a, b, c, d, e, f, g, h, 
tid: CG ae ADs 


1 aa a at aa? a>: Sb%c 


1-6 68 68 O8 Oe se 2ed 


and so on. He then passes on to the case where F is the most 
general integral function of a, b, c, d, e, which is symmetric with 
respect to b, c, d, e, namely, 
m.a4*+n.adb + p-a®db? + q-a®Lbe +... +¢-arbed 
tu. Db! + v. Db'c + w. Lhe? + x. Vb?cd + y - bede, 
giving as the desired cofactor 
m—-n—....—t—u+2v+w—3r+y. 
Lastly, he takes up for a moment such an alternant as 
L. 2.04 206 Boca Lee 
Leu 2eedChily oe aaeeeon 


1 dae dab) Fabs Sab, 
where the >’s of the first row refer to b, c, d, e, the >’s of the second 


to c, d, e, a, and so on; and noting that the values of the cofactors 
corresponding to 
0, 2G OC ne 
in the previous case are 
— Te 


shows that here the value is the product of these values, namely —4. 
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His method, like Muir’s first method mentioned above, depends 
on the transformation of the last column by subtracting multiples 
of the others. 


WEILL, G. (1888). 


[Sur une forme du déterminant de Vandermonde. Now. Annales 
de Math., (3) vii. pp. 427-429. ] 


The author formulates the set of equations for determining the 
A’s so that 


A 
A eee oe 


(w—a,)(a—a,)...(@—a,)  t—a, | 2—a, L—Ay’ 


and notes (1) Tarleton’s result of 1867, namely, that the determinant 
of the set is equal to the difference-product of the a’s (Hist., iii. 
pp. 141-2), although its 7" row, the conjugate having been taken, 
is free of a,, whereas the r” row of |a,°a,! ... a,"-1| contains a,. 
alone; and (2) that the cofactor of the last element of each row, 
although involving all the a’s, is a function of only n—1 of them.* 


LORIA, G. (1888). 


[Nota su una classe di determinanti. Giornale di Mat., xxvi. 
pp. 329-333. ] 


A rediscovery of Naegelsbach’s extension of Bellavitis’ procedure 
of 1857. : 


STARKOFF, A. (1889). 


[Théorie des équations générales. Mém.... soc. des naturalistes 
... (Odessa), x. pp. 143-200.] 


Any freshness connected with the determinants used here, alter- 
nants chiefly and wronskians, is in the main a matter of notation. 


* The cofactors of other elements besides the last are worth noting ; for example, 
in the case of the first row of 
1 b+c+d be+cd+db bed 
1 c+d+a cd+da+ab cda 
1 d+a+b da+ab+bd dab 
1 


a+b+c ab+be+ca abe 


the four are 
— a | b%1d*|, a*|b%td?|, -—a|b%ctd?|, | b%ctd? |, 


the last being independent of a, 
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For example, the general alternant | /o(%o) - fila, )s Gee talta les 
denoted by | aa," ... a,'|, and the operation of changing f,(«) 
into f,4,(«) by Kf,(«), this and similar uses of K being frequent. 


WEIHRAUCH, K. (1888, 1889). 


{Neue Untersuchungen iiber die Bessel’sche Formel, und deren 
Verwendung in der Meteorologie. Schriften... N aturf-Ges. bea 
der Univ. Dorpat, iv.] 
(Ueber gewisse goniometrische Determinanten, und damit... 
Zeitschrift f. Math. u. Phys., xxxvi. pp. 71-77.] 


These are continuations of the author’s work of 1887, showing 
the same skill in the treatment of such determinants, and involving 
a considerable number of fresh evaluations. The opening result is 
a rediscovery, being that given by Scott in 1879 and already redis- 
covered by Fouret in 1884. As it has a column of 1’s, columns of 
cosines and columns of sines, there are three types of primary 
minors, and all are dealt with, Scott, on the other hand, having 
only considered the first type. Similarly, Weihrauch’s P and Q of 
1887 lead each to three evaluations. More interesting are a com- 
panion-theorem of Scott’s original, namely, 


cosa, sina, cos3a, sin3a, ... cos(2m—1)a, sin(2m—1)a, 


a 4 P II 810 (aam—Gam—1)> 


and the like companions in the case of P and Q, namely, 


cosa, sina, ... cos(2m—l)a, sin(2m—l1)a, cos(2m+1)a, 
— (—1)™ .4mm . cos Sa. Il SIN (dema1 —m); 
cosa, sina, ... cos(2m—l)a, sin(2m—1)a, sin(2m+1)ay 


ae (—1)™ 4mm. gin Sa. I Sin (Gom41—em)> 


the latter, however, being included in a result indicated by Scott 
in 1881. Consideration of the primary minors of these leads to 
three pairs of evaluations, and with this the first section of the 
paper ends. 
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The second section concerns the sets of linear equations to which 
in the Theory of Interpolation the evaluated determinants pertain. 
As before, we note for ourselves that if each angle in the last 
columns of the pair of determinants above be increased by ¢ and 


Ya in the evaluations receive the same increment, the identities still 
hold. 


MERTENS, F. (1889). 


[O wyznaczniku, ktérego elementami sa wartosci n! funkcyj catko- 
witych n zmiennych x, 2%, ..., Up pochodzace z wszelkich 
mozliwych przemian tychze zmiennych. Pamietnik Akad... . 
Wydz. mat.-przyr., xvi. pp. 60-69. ] 

The determinant here has for its (7,s)" element an integral 
function ¢, of the s*" permutation of the variables 7,, 2, ..., Um; 
and is therefore of course of the order n! It is readily seen in the 
usual way to have | 7,° v1... ,"-1| for a factor, but the author’s 


h(n)! 
* is a factor. 


theorem is that | 7,°r.! . . . %,"—1| 
He also generalizes the related result 

bey 2 Ek ee) esti 

Di, Em ACE eo rr 

1%, Hy  Ueokg  Hg* = Lylhg? | __ 19% 1x52 |3, 

ee ee? ee 0 nets ela 

i} 


2 2 
Ls Ly U3h, Hy Ugh 


Le ta CEN LSUN no ae ghar l 
where only two of the three variables occur in each row, and the 


sum of the elements of each row is of the form (1-+w) (1+v+). 


WEIHRAUCH, K. (1889). 


[Ueber eine algebraische Determinante mit eigenthiimlichem Bild- 
ungsgesetz der Elemente. Zevtschrift f. Math. u. Phys., xxxvi. 
pp. 34-40.] 
The first determinant here considered, Anim+1) Say, is of the order 
n(m-+1), consisting of the n rows 
Ieecriedics & eee et 
iI Oy ips ageim+D=1 
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and nm rows obtained by successive differentiation of each of these 
m times ; and the result reached, naturally with some toil, is 
Animery) = {ml (m—1)!... 211! O!}": {E(a,, fg Ne ayo: 
For example, when ” is 2 and m is 2, 
tides? Sead ed Mg all elon wpm 

l 26-008 AG De: 
Ao? $6ar 12a) 20a" 
Aan =] 5 ot oe be os | — OT 
pe La 20s, Obes £0n- miu 
bs Set eZsip6b And 2b? w20e4 
The root-idea appears in Besso’s paper of 1882, where A,(q41) 1s 
dealt with. 

The next type of determinant considered differs from this in 
having for its fundamental rows n rows like those of P in the author's 
paper of 1887, namely, 


1 cosa, sina, .... cos(n—l1)a, sin(n—1)a, cos nay, 
and in having m = 1. The two results obtained may be written 
Pres (de oe {II sin $(a,—an_;)}*. sin La, 
Qn (lt eae {II sin 3 (a,—an_1)}* cos Da. 
The third type is a generalization, like Marcolongo’s, of the first, 
each power of a, being replaced by an integral function of a,. 


SEGAR, H. W. (1890). 
[Some inequalities. Messenger of Math., (2) xix. pp. 189-192; 
xx. pp. 54-59.] 
So far as alternants are concerned, the two papers culminate in 
the result that 7fa,b, ¢,..., p,q, 10, ... be positive quantities, then 
| aPb%c’. . .| as of the same sign as @(a, D, Cdeaunyt Ep, Gs Bovd ate 


SCHENDEL, L. (1891). 


[Mathematische Miscellen. III. Das alternierende Exponential- 
differenzenproduct. Zeitschrift f. Math. u. Phys., xxxviii. 
pp. 84-87.] 


What is fresh here is a theorem including Weihrauch’s of 1889, 
given, however, in an unlike form and without any reference to 
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preceding workers. The relation between the two in the case 
where the number of variables in the difference-product is three, 
les in the fact that whereas Weihrauch’s determinant is equal to a 
multiple of 


{@—y)(@—2)(y—2)}” 
and is of the 2p™ order, Schendel’s is equal to 
(o—y)P4 (a —2)""(y —2)" 


and is of the order p+q+r. If we write n for p+q-+r, the first 
p columns of the latter determinant are 


Wl )oea, 2) UB, Se (el ot 
D 


(g-—2) eS er tee | (n—2),a"-2 


the next ¢ columns are 


Co re naman (at pam 
eg a pe ie Menem Per VY) ae 
and soon. For example, when p, q,7 = 1, 2, 3, we have 


Reale LUC bets 2° 
GAGs. O27, A gt 
To eet ae Boe eee 
Coe ey ee 2 
areas od ale | ; | hee 
La esacol 


Of the other results we need only note as an example 


t (at4)s. (8-4), (y-+4), 
wy (a+3)3 (G+3)2 ( 
ay? ‘ +2)3 (6+2), (y 

+1)3 (6+1)2 ( 
y* ra (8)z (vy) 
In no case is there any hint of a proof. Fortunately most of them 


are such as Zeipel had established in 1865. 
For ourselves we must note that the specification of the main 
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determinant can be greatly simplified. Thus, in the case where it 
equals (a—y)?"(x—z)" (y—z)”, we begin with the row 
Tee ae 

obtain the next row by the operation 0/22, the 3" row by the opera- 
tion }0/dx on the 2", the 4" row by the operation 19/dx on the 3", 
and so on until p rows in all are got: then in similar fashion follow 
q rows involving y, and r rows involving z. Our six-line example 
above would thus take the form 


BME. a a 


Te Cpe) Wat ele OTe 

Sidley ey Ay aeoye 

eee ea gs, (eR a tee 
1 Qe 322 42°. 52t 


Lom SeusG2te 102" 
For proof we might be content with the usual tedious verification 
obtained by removing the factors as methodically as possible one 
or more at a time; but a more interesting mode depends on the 
multiplication of the determinant by a certain multiple of itself. 
Thus, in the case just mentioned, we obtain the multiple in question 
by reversing the order of the columns and then multiplying them 
by 1, —5, 10, —10, 5, —1 respectively. The form of the product is 
zero-axial and skew, so that root-extraction is possible: thereafter 
little is needed. 


SEGAR, H. W. (1892). 


[On a determinantal theorem due to Jacobi. Messenger of Math., 
(2) xxi. pp. 148-157. ] 

The theorem of Jacobi’s referred to, and of which use is repeatedly 
made in the paper, is that regarding the quotient of | a*bfcl eae 
by the difference-product € Xa, b,c,...). Of the results obtained, 
the most important is the first. In effect this is that 


+a’ +B" 

( ie ( rie +B ( eek hh Aeirveo Sata’ Sa+p’ Sa+y’ See Me: 
3+a! B+B’ ( 

(as) Tae, ( yess : Spia’ Spip Spry «++. 
+a’ +e +y 

( \ ial ( pier Hata Syta’ Syppi Sypy sees 

. . . . . . . . . anh ( Ib ices! . . . . . . 

(abow ey C(G5 0/205.) 
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where ( )’=(a,b,¢,.. == 0% aleph function of a, b, c,..., 
So=a 2b eee on, 

and the number of the variables a, b, c,... is n. The proof is 
indirect and somewhat lengthy, and is followed by the analogous 
theorem where the elements instead of being coefficients in the 
expansion of 1/(1—x2a+22Zab—. . .) are coefficients in the expan- 
sion of a multiple of this by a polynomial in a of the m** degree. 
The third result is of a different type, being, when altered,* 


L ay ae 
D7) PF) Fe) 
(Alete Fal 2h) nee a —p -y 
v= oe Cay, i ae : | (w-+ay) (@+a2) “(w-+a3) °... 
where S(%) = (+a )(%+ay)(a@+az)... 
The fourth theorem is connected with the first, and the fifth with 
the second ; the sixth deals with the unisignancy of 
Nab Cae Ie = | a°bigt, 10 


in the case of the lower orders, and the others with 


nm? 


(a+y, b+y,c+y,...)” Gs a Aeaiht) 
rie 7 xe-Py) By Cy 
and related matters not requiring our attention. It is the first 
theorem that gives the paper its attraction, and that manifestly 
calls for further study. 


ECHOLS, W. H. (1892). 
[Exercise 336. Annals of Math., vi. p. 136.] 


The determinant form of €7 (12, 2?,..., n”) being denoted by A, 
and its (r,s) primary minor by A,,,, the problem set is to find 
the limiting value of A;,,, — A when n approaches infinity. 


* On the right Segar has no f(x) in the denominator, but has it with the exponent 
4n(n—-3) in the numerator. As a check on the sign-factor the case where 
Gps ya loses maya be Compared with Segar’s own result of 1891. 
Note is necessary, however, that with him {*(a,, a,...,a,) stands for 


(- Tyaoacs| CE oo a |e 
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ECHOLS, W. H. (1892). 


(On certain determinant forms and their applications. Annals of 
Math., vi. pp. 105-126; vil. pp. 11-59, 93-101, 109-142. ] 

The applications referred to concern the expansion of functions in 
series, and constitute the chief value of the paper. To the student 
of determinants it is mainly interesting as affording fresh evidence 
of the important uses to which his subject can be put. 

As a first and fundamental example, we may give the following 
extension of the familiar theorem of Rolle, namely, [f f(x) and ts 
first n derivates be finite and continuous for all values of x from ay to 
a,, and the quantities 


Gee ap! Bgl Ce lt Sys AS, an 
by by ae bes bee 
Caivce ek > ees Cho 
Woe Wa 


u 

be such that the a’s are in ascending order of magnitude, and 
ay. = b, = Artt, 
|i a C, < Dyits 
Wy <U<Wj,; 


then 
1, tig gt oe ee Cad 


f"(u) = AA ay ante a E(@n)_ 
; _ ee 
Lo aytuag? Sareea te 
Ls On. feet De ees 


It is very simply proved by noting that the function 


LPT STE ae as) 
Ue Oy lg Peete Oe tat 
JL igs Peter Cvevenercas all came? tas 


vanishes when x takes any one of the values dp, . . ., @,, and there- 
fore its first derivate must vanish when w takes any one of the 
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values 6), ..., 6,1, its second derivate when «x takes any one of 
the values ¢, ..., ¢,-3, and go on, the final deduction being that 
the n™ derivate, namely, 

nt f(a) 


Oey Go a Ge! ag CFG) 


l 1 Ay An? ee ae CG, an” I (Gn) 
must vanish when « is put equal to u,—a result substantially the 


same as that desired. 
In similar fashion it is shown that 


1 1 1 
S(a+h) lh ay owes ae ale fa | 
f(z) 1 ne actrees 
f' (a) 3 -llle pa eGde retin = 9; 
J (e4-0h) Pg. ee. ‘ 1 


which is the familiar expansion of f(x4-h) in ascending powers of h. 
This in the next place is widely generalized ; and in the following 
papers still further advances are made, the operation of Finite 
Differences, for one thing, taking the place of differentiation. It is 
not surprising therefore that the author finds himself ultimately 
brought into contact with Wronski and the ‘loi supréme.’ 


SEGAR, H. W. (1892.) 


[The deduction of certain determinants from others of indeterminate 
form. Messenger of Math., xxii. pp. 57-67.] 

In the examples dealt with here the indeterminate form is 0/0, 
and arises from fractions whose numerator and denominator are 
each a function of 2, %,..., % and contain C3 (a, Pras ee) 
as a factor. The fundamental proposition used is that if there be 
no other disturbing factor in numerator and denominator, the 
limiting value when the suffixed ’s are each made equal to z is 
got by first performing on both the operation 

Le rags core Die, 
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where D,” denotes r successive differentiations with respect to 2s. 
After the three equalities 
Dt'Dr-?.... Di_, 6? (a, ae,» (Sherrie 
Di Di... eDeiGt(e,, 2,....%) = (— Dee 
Di D2 .... Dt'€3 (a, a, .- +52) = (n—1)!! 
are noted, the result of the first application of the proposition is the 
rediscovery of 


L Le As ed fia, By, - “) 
fe 9a aA rel (n—1)!! 
as obtained by Johnson in 1885. Application is then made to 


8 
< 
I 


Segar’s own theorem regarding |( )***( )P** ...|,, the result 
being the equality 
(ata -n—1) 45 (a6 il) 
(6-a' nl, (Bp oes lees 
§n(n-1) Ga, B, oc .) : Ga’, eae =I :) 
ee ; {(n—1)!!}? ; 
From the manifest identity 
pe eh a a," * 
1 be Le * ean 
I (2) f(&2) I (£2) 
Ba ee nh! i} 
S(2) 1 vy ay" | f(e) F (as) f(£n) 
(2) 1 (pe ws GE u Ee. 
there are obtained 
Spel x gn—2 
D*l.. Dos Dose iw. D? 
f (2) f (x) f (x) 
1 HP gr-2 
D’ Lies Dieta Dy =e 
f(x) ~ f(x) F(a) 
if (oye al Be fo, Dene ~ Tf@y’ 


f'(2) : 1 wees (N—2)a-3 
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and 
Lz Ps grt 


Dies a aay f(a) 
Fe) Fe) 7 geay ea ae aa 


- yp) eae 
and from the equally simple equality 


| r'_ gs? gs? hn” | eCncne 

| x,° Lai te aera ve | Pa Pips ees By ee hae Ln) 
are got : 

Doe fag" | = (nig. (6), 

| Dfp - Difg?-D*fg? ... Detfgn| = (n—1)! fagn. (gy, 

| D’p -D'g? -D8g?_ 1. Dagr | = all (ge, 


The last of these recalls to Segar a result of Wronski’s (Hist., i. 
p. 477), which he thereupon generalizes by applying his process to 
Jacobi’s theorem regarding 


Pa" Pa eagiges ey. alld |p 
Lal Patios. st declan 
the result obtained being 
rge Dp Dig. |p = aBy --. Ha Boy...) (Hy. goretrr... 


Lastly, the process is applied to the supposed general equality 
1 Pi(@y)- Fata) - Fan) 
G(x, Var ++ +, Ln) 


and the outcome generalized by another process, with the result 
that there is found 


L{D:°D.'D,” .... (0€4)} = (n—1)!! Lao, 
where A is the operational determinant 
Die GD es ta) ,D ie 


De? CRE: (8)_D,°-? 
DY yD3Y-! (y),D37-? 


if O(a, 2 Ln)s 


As examples of this are given the values of three persymmetric 
determinants with arithmetical elements. A comparison of the 
two processes is also made, with interesting consequences. 
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VAUTRE, . (1893). 


[Question 11858. Educ. Times, xlvi. p. 157: or Math. from Educ. 
Times, \x. p. 108.] 
A fresh proof of the already well-known result connecting the 
quotient 


oF weleh ee OneT n-2 gn-l 
| a,%a_t ... atc? an tt*| = |a,°a.' ... Gari Os 


with the h™ aleph function of the a’s. 


CAYLEY, A. (1893): SEGAR, H. W. (1898). 


m 


[On the development of (1 4n2x)". Messenger of Math., xxii. 
pp. 186-190: or Collected Math. Papers, xii. pp. 354-357. | 
[Proof of a theorem in the theory of numbers. Messenger of Math., 
xxii. pp. 31-36. ] 

These both concern the theorem, spoken of by Cayley as Segar’s, 
but implicitly expressed by Mitchell in 1882, that &(p, , Fea) 
is divisible by €(0, 1, 2,...) when p,q, 7, ... are integers: 
Cayley’s proof is essentially the same as that given above in a foot- 
note to Johnson’s third paper of 1885: Segar’s is non-determinant. 


ECHOLS, W. H. (1893). 
[Proof of a formula due to Cauchy. Annals of Math., vii. p. 21.) 


[On some forms of Lagrange’s interpolation-formula. Annals of 
Math., vii. pp. 22-24.) 


In the first paper here the manifest vanishing of the function 


1 iE a tl oe I 
wr lia 2 ,~eenibas 
(a?a)) (1a at eh Ge) E(a, i, eee 
(oP ae oe] rage Ge dan Cen 
when x =a”, a~’+1,... , a”+”-1 is used to obtain for the function 


an n-factor product to be equated to the alternative expression got 


by expanding the determinant according to the elements of the first 
column and their complementaries. 
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In the second paper the kind of fresh forms brought forward will 
be understood from knowing that in the case of the fourth order 


I (2) (%—Ax) (4 —ag) (x —d4) (G—d3)(t—m)  4—Ay 

St (a) (a, —ay) (a, —as) (@jy—@,) (@,—a3) (a, —a4) Ay—A%q | . ch 

J (ae) : (d2—@3)(@g—y)  dyg—My Cenmu? 
f(s) . : A3—Qq 


takes the place of the known form 


f 


Deel ee eee 


( 
F(a) il Ay a,” . 5‘ 
SF (a2) 1 A> 19 aoe ¢ (a, Qs; Gs). 
i (a3) i Az i 


LERCH, M. (1893). 
[Kratky dtikaz Borchardtovy véty determinantni. Casopis pro 
pestovant math. a fys., xxiii. pp. 76-78.] 
Still another examination of the equality of ny (Hist., ii. p. 174) 


+ 
(,—2)*... ((,—%n)? | = | (1-2)... - n—~@n) sal he i¢ (4,2)... (fp 2p) | 
touched on above by Muir (p. Hh and Rehofovsky (p. 157). 


SCHLEGEL, V. (1894): NEUBERG, J. (1894) : 
STUDNICKA, F. J. (1896, 1896). 
[Théorémes relatifs aux déterminants. El Progreso Mat., iv. 
pp. 176-177, 219.] 
[Théoréme sur les déterminants. Mathesis, (2) iv. p. 251.) 
[Neuer Beitrag zur Theorie der Determinanten. Svtzwngsb. . 
Akad. d. Wiss. (Prag), Jahrg. 1896, No. 6, 5 pp.] 
[PYispévek k nauce o determinantech. Casopis pro péstovant math. 
a fyz., XXV. pp. 241-243. | 


The first so-called theorem is that 2f the elements of each of three 
rows of a determinant form an arithmetical series of order 1, the deter- 
minant must vanish ; and he extends it to determinants of higher 
order, for example, 


| a2(8-+1)?(y+2)9(6+3)?| = 
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Neuberg points out that of course 


| 1 (a1) o(%2) - - - n(n)| = 0 
so long as the ¢’s are integral functions of degree not higher than 
the (n—2)", the determinant being viewable as a function that 
vanishes for n—1 values of the independent variable, x, say. 
Studnitka’s contribution is of less interest. 


JONQUIERES, E. DE (1895). 


[Sur les dépendances mutuelles des déterminants potentiels. 
Comptes Rendus ... Acad. des Sci. (Paris), cxx. pp. 408-410, 
580.] 

[Démonstration, d’un théoréme sur les nombres entiers. Comptes 

Rendus . . . Acad. des Sci. (Paris), exx. pp. 534, 537.] 
The results here are essentially rediscoveries, the chief one being 
that proved in the second paper, namely, the divisibility of 
| ayiae? s.. "Pi by al] 28 ens) 


when dj, dg, ... are integers. 


DELLAC, H. (1895). 


[Note sur lidentité des polynomes. Journ. de Math. spéc. Année 
xix. pp. 169-177.] 


A determinant which comes to the surface here is of considerable 
interest. It is a function of 2” variables, which may conveniently 
be looked on as the elements of a 2-by-n array, and it is of the order 
dn(n+1). If the array be 


a, sy, = es 8 . ’ An» 
by, bs, *9 bn, 
the first row of the determinant is 
a 2 a r ” 
Gy971,. yO oe Oe? OP eee GO eee 


the second row is similarly formed from a,, b,, the third from a,, b;, 
and so on; then come n—1 rows similarly formed from 


GeO Oye Us ete a Ones Oars 
and following them »—2 rows formed from 


i, ANG .0,. 00s tee Ones 
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and so on, the two variables in the last row being thus a, 6,. For 
the cases where n is 3 and 4, evaluations are lengthily made, and it 
is thence concluded that the general result is 
C(a,, oth dy) & he ee aera a ee é(a,, Ay) 
Cee? Siar I eee ee ee Cia A 
the determinant thus being the product of 1(n3—n) differences. 
For example, when n is 3, we have 
Q10780;2 dG, 40, 91 
a,b, by? a, by 
a,b, b,2 
8 i A : = (42-41)? (dg Ay) (43 —A,) * (bg —b,)? (bs —b) (63 —0}). 
Ab, b,? ay by 
ash, b,2 a, b, 1 
A good proof with attention to sign seems desirable, the determinant 
being worthy of further study. 


1 
1 
1 
1 


LEMERAY, E. M. (1896). 
[Question 788. L’Intermédiaire des Math., iii. pp. 58-59, 251-256, 
va prlbl:| 


This concerns the ratio of the complementary minors of the 
elements in the places (/, 1), (n, 1) in the case of each of the deter- 
minants : 
AUCTION to a Jaret Md RSP ce sere alae 
the value in the one case being (), and in the other (2n),_,.. The 
starting point of the proof in the former case is the change of the 
first of the two minors into 


! 
— CML, Zoey Mya ly ger- 2% 6 ?0)i5 
and in the other case the procedure is similar. 


JACOBI, C. G. J.: STACKEL, P. (1896). 


[Ueber die alternierenden Functionen,.... Ostwald’s Klassiker 
Nr. 77, pp. 50-65. ] 
This is the De Functionibus Alternantibus of 1841 in German. 
The editor appends a page of notes (pp. 72-73). 
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STUDNICKA, F. J. (1896, 1897). 


[Ueber Potenzdeterminanten und deren wichtigste Eigenschaften. 
Sitzwngsb. .. . Ges. d. Wiss. (Prag), No. 22, 8 pp-] 


[Beitrag zur Theorie der Potenz- und Combinations-Determinanten. 
Sitzwngsb. .. . Ges. d. Wiss. (Prag), No. 1, 20 pp.] 
[O zdkladnich vlastnostech determinantti mocninnych a jich upo- 
tiebeni v theorii rovnic algebraickych. Casopis pro péstovéni 
math. a fys., xxvi. pp. 105-120.] 


We have here the first three of eight papers written unfortunately 
under the belief that the subject had not been previously investigated. 
The first two are occupied with the gradual establishment of the 
theorem that the cofactor of |a%c?...| in | atb*cey...| is ex- 
pressible as a determinant whose elements are simple symmetric 
functions of a, b, c,.... The third, if we leave aside the so-called 
application, is a re-exposition of the same theorem. 

Studni¢ka’s oversight is the more noticeable because the theorem 
in the twenty-five years since its first publication by Nagelsbach 
had not only been more than once rediscovered, but had been 
generalized by Garbieri and actually in 1882 included in a text- 
book * to which Studni¢ka himself for another purpose had occasion 
to refer. It is only fair to say, however, that others had made the 
same oversight, a school-programme published in a small provincial 
town being easily overlooked. 


LONGCHAMPS, G. DE (1896). 


[Exercices sur les déterminants. Journ. de Math. Elém., xx. 
pp. 170-173, 198-201, 223-225, 244-245. ] 


Quite elementary, but not without interest. 


LAISANT, C. A. (1896). 
[Propri¢tés des coefficients du binéme. Bulletin Soc. Math. de 
France, xxiv. pp. 197-199.] 
Laisant’s result is such as would readily be suggested by the first 


of Lémeray’s of the same year, the minors now considered being 
those of the array got by deleting the last row of | 192132... n™-| 


* Muir’s, pp. 175-176, 
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instead of the first row. His mode of statement is: If A, denote 
the determinant of the array got by deleting the x column of 


iM. 2° 3° ee ey: 
i! 21 3 eee a Ie 
[2-2 Qn-2 32-2 n-? 
then 
Ni ekibesl ais ata Seo A, 


Pet) Weer) eo (n= 1), a 
He reaches it by the solution of a set of n—1 quasi-equations, 
namely, the identities obtained by substituting —1 for x in the 
identity 

(1--a)e-? = 1 + (n—1),e + (n—1),27 +... 


and in the identities got therefrom by performing n—2 times in 


: 3 ) ‘ ; 
succession the operation ay The existence of.a corresponding 


companion to Lémeray’s second theorem is not referred to. 

We may note for ourselves (1) that the mode of proof used for 
Lémeray’s results is more readily applicable here; (2) that the 
said results may also be proved in Laisant’s manner, the first, for 
example, by putting x = —1 in the equalities got by performing 


ee n—I1 times in succession on (1+2)” = 1+(n),7+...; (3) that 


of the elements of the given array have for bases 1, 2, 3,..., n and for 
exponents p, p+1, p+2,..., p-+n—2, then 


= = (®) -(m-1),-4; 


(4) that of on the other hand the bases be 17, 2%, ..., n?, then 


aN Deka 
=)” Coys 


(5) that a fundamental fact in all the cases is the possible expression 
of a binomial-coefficient as the quotient of two difference-products, 
namely, 

C2(1f2;- et, +2, 0. 241) 


Daan ATT ANDE, Ow y) 
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STUDNICKA, F. J. (1897). 


[Neuer Beitrag zur Theorie der Potenz- und Kombinations-Deter- 
minant. Sitzungsb. ... Ges. d. Wiss. (Prag), No. 16, 16 pp.] 
The contents of this are a proof that 
[a%le?...| = O(a, bra. 2) 
a rediscovery of the divisibility of | a1b’c* . . .| by | 192137... .| when 
a, b, ¢, ... are positive integers, and the evaluation of a special 
persymmetric recurrent. The last result, namely, 


m 1 | 
(m+1), m | parse, Bt | 
(m+2), (m+1), m 1. ita Ss 


(m+3), (m+2)3 (m+1), m 

| . + . . . . . . . . . . 
is interesting for.comparison with Trudi’s (Hist., iii. p. 219). Like 
Trudi’s it is obtainable from Zeipel’s paper of 1865, whence also we 
might obtain Weihrauch’s of 1874 (Hist., iii. p. 231). In an appendix 
two trigonometrical identities are deduced by considering 


er 


€2(sin a, sin 8, siny) and é*(tan a, tan @, tan y). 
The same matters are dealt with by Studnitka a few months later 
in two papers written in Czech (V bstnik Ceské Akad., vi. pp. 369-376, 
vii. pp. 165-167). 


RUSSELL, J. W. (1897). 


[Certain concomitant determinants. Proceed. London Math. Soc., 
Xxvill. pp. 480-439. ] 
The subject here is the invariancy of certain differential operators, 
namely, in the case of binary quantics, the operators 


a) on tee o on 
Oe, OY, | | Ox? Gary Oy, “Oy,” 
CF On| on Gs (ie 
| Oxy Ye |, | Carg2 Cay Yq Oyo? 
ie oF oe 
| Qarg? ary Oyg ys? pees 
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It belongs strictly to the algebra of quantics, but the determinants 
used have a more than superficial association with alternants. We 
give the first general theorem because there attaches to it the 
additional interest that a simple deduction from it is Schlafli’s 
theorem of 1851 in regard to the (C,_,11, ») power of an n-line 
determinant. It is that the determinant whose successive rows are 
made wp of the several terms in the expansions 


OX, | OX; OXp 
( ) ) ) i 
Ug, 
OX4) | OXe Oee/ Ne 
as a covariant of the q-ary quantics Uy, Ug, ... , U,, where x is the number 


of terms in each of these expansions. 


LORIA, G. (1897). 


[Sopra certi determinanti i cui elementi sono funzioni trigono- 
metriche. Periodico di Mat., xii. pp. 33-34.] 

[Sopra una classe notevoli di alternanti d’ordine qualsivoglia. 
Vestnik Kril. Ceské Spoletnosti Nauk, No. 57, 13 pp.; or 
Periodico di Mat., xiii. pp. 129-138.] 

The interest of these papers lies in the fact that they give a fresh 
mode of procedure for the evaluation of trigonometrical alternants, 
and especially of those in which the elements of the leading row are 
merely sines or cosines of multiples of the corresponding angle. 
The fundamental step in the procedure consists in expressing every 
function of each angle in terms of the tangent of half the angle, the 
means of doing this being furnished by the equality 

cos ma+/—lsinma = Oe where A = tan , a; 
for example, 
: 24 1—6A2+A4 
cheat he ATES | Br changed into 5 1+A2 = (1+4-A®)? 


The new form is then evaluated like an ordinary algebraical 
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alternant; for example, the factor 1/(1+A?)?°(1 +B?)?(1+C?)? is 
removed, and the cofactor 

142A2+A* 2A+2A3 1—6A2+A* 
partitioned into simpler alternants, so as to facilitate the removal 


of another factor, é2(A, B, C). This being done, all that remains 
is the work of resubstitution and simplification ; for example, 


1/(1---A2)2(1-+B2)2(1+C2)? = (cos®}a cos?}8 cos? yy)", 
€3(A, B, C) = (tan }y—tan $8) (tan }y —tan $a)(tan $8 —tan 3a), 


_ sin }(y—8) sin }(y—a) sin § (8—a) 
cos?4a cos?43,0 cos" dy 


and the third factor—the only one that may require special treat- 
ment— 


= 16 {—1+4 ABC(A+B+0) — (AB+BC+CA) + A?BC?} 
= 16(AB—1)(BC—1)(CA—1) 
cos (a+) cos $(8+y) cos3(y+a), 


=p(abee cos?da cos?46 cos* dy 
so that 
1 sina cos2a 
1 sin cos28| =— 16II-cos}(a+ 8) cos }(8+-y) cos 3(y+a). 


1 siny cos2y 
Other evaluations are : 


sina cosa cos2a 


= —4][- > cos(a+), 


1 cosa sin2a 
= 4IT. (cos a—cos Xa), 


1—cos(a+ 8) , 


cos a cos 8 cos y ’ 


1 cosa tana 


=r2il 


but it is more important to note the general result, namely, that 
when alternants of the type mentioned at the outset are divided by the 
alternating function II, the quotient is a power of 


cos a cos$8 costy.... 


multiplied by a symmetric function of tan 3a, tan 38, tan py, ... 
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STUDNICKA, F. J. (1897). 


[O determinantech mocninnych a sestavnych. Kral. Ceske Spolec- 
nostt Nauk (Prag), 75 pp.] 


The subject of this fifth paper is again the theorem dealt with in 
the first three. Now, however, the material is used with deductions 
and comments to form a little treatise or dissertation consisting of 
an Introduction and four Chapters, and extending to 75 pages. In 
the chapters the theorem is viewed in connection with alternants 
of the 2"*, 3", 4%, n'” orders respectively, and it consequently 
receives exceptionally full treatment. As a specimen deduction we 
may note from the first chapter the equality 


gy” yr —y" 
an a ss sale ig Bes 
1 @t+y xy BF 
1 L+y xy 


n—1? 
whence, on putting cosa+isina, cosa—isina for x, y, there is 
obtained the known determinant for sin na/sin a. 

The memoir is published separately by the Bohemian Royal 
Society of Sciences, being the ninth memoir awarded the Society’s 
Jubilee Prize for a work written in Czech. 


BRAMBILLA, A. (1898). 


[Intorno ad alcuni determinanti. Periodico di Mat., xii. pp. 169- 
175.] 


The determinants here considered are those whose elements are 


of the form 
a(e+l1)...(@+m—1) or aw” say. 


The opening example is the alternant 


ee eee ee ay 
IRAs Le ee 


which is manifestly equal to 


[a,° at ay? ... Ie ned We 
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in other words, the simplest alternant is not altered by changing its 
every element from a,’~' into a,@-4, The next, also an alternant, is 


qh (a1)! (a+2)™) 
pm) (b+1)™ (6 +.2)™ 
dé (c+1)™ (c+2)™ .... 
which is practically the same as to say that its (r, s) element is 
(a,+s—1l)™. By a process of repeated removal of factors it 1s 
found that 
; |a,+s—1)™ |n 
— (—1)##@-» 

» Pay, a,» + ~ An) 

-mU(m—1)"-2 .. . (m—n+2)' 

; (an) a. 1) ane. (a,+n—1)—"t)): 


and this is the fundamental result of the paper. From it results 
already known regarding determinants whose elements are com- 
binatorial numbers are obtained by using the fact that when @ is a 
positive integer 
go) = m!Corm—1> m3 

but the procedure is not helpful. 

We may add for ourselves that the corresponding evaluation of 
| (a,-+s—1)"|, is not given, nor the fact brought out that when 
n —m-+1 the two evaluations are identical.* 


* Taking the case where m is 4, we have by the multiplication-theorem : 
at (a+1)! (a+2)* (a+3)* (a+4)? 
bt (b+1)! (b+2)* (b+3)* (b+4)4 
ef (e+1)* (e+2)* (e+3)* (e+4)* 
aa aoa il 1 : ; : 
bis b3 ae 026 De) i GB ca 
= ie ee oe 1 4:2 6:2 4:23 24 
oe | 1 *4:3. 6-38 43% 34 
etna e8 ean 1 44 64? 4-43 44 
= ¢h(a, b,c, d, e) x 44-38: 2?- 11; 
and this is exactly what is found above for the other determinant in which the 
index of the elements is not 4 but [41. 
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STUDNICKA, F. J. (1898). 


[P¥ispévek k nauce o determinantech mocninnych. Véstnik Ceské 
Akad. ..., vii. pp. 350-358.] 


The main results here are Stern’s theorem of 1865 and Naegels- 
bach’s of 1871 (Hist., ili. pp. 138, 144-146), the latter being in 
particular applied to finding the product of the binomial sums of 
a, 6, c, d,..., that is to say, the quotient of | ab%ctd*.. . ln by 
MRCcbt cd ya Sle 


BEKE, E. (1898). 


[Ueber die Fundamentalgleichungen der homogenen linearen 
Differentialgleichungen. Math. és Phys. Lapok, vii. pp. 115- 
123 ; or Math. u. naturw. Berichte aus Ungarn, xv. pp. 273-281.] 


As an auxiliary there is here established a result essentially the 
same as Schendel’s (1891), but the factorization given is in more 
complicated form. No preceding writing on the subject is referred 
to save a problem by Rados (Math. és Phys. Lapok, i. p. 367). 


STUDNICKA, F. J. (1898, 1899). 
(See under this heading in Chap. I.) 


' ROE, E. D. (1898, 1899). 


[Note on a formula of symmetric functions. American Math. 
Monthly, v. pp. 161-164.] 
[On symmetric functions. American Math. Monthly, vi. pp. 1-6, 
25-30, 53-58, 103-107, 129-135, 161-165. ] 

The first paper here is devoted to establishing the accuracy of 
Brioschi’s determinant of 1854 as a representation of Waring’s 
expression for a symmetric function. The service rendered by it 
was seriously called for in view of the action of Bellavitis and 
Bruno. It quite forestalls Muir’s paper of ten years later on the 
same subject (Hist., 11. pp. 473-474). 

Near the outset of the second paper proof is given of the theorem 
regarding the multiplication of | a%'c? . . . | by a symmetric function 
of a, b, c,.. . (Hust., iv. pp. 150-151). It occupies five pages. 
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LERCH, M. (1899). 
v 
[O nékterych vzorcich z theorie determinant. Rozpravy Ceské 
Akad., viii., no. 12, 16 pp.] 

The determinants here dealt with are almost entirely alternants, 
the memoir being merely a careful reconsideration of four well- 
known important theorems (Hist., i. pp. 339-342, 343-345; Ul. 
pp. 173-175; iii. pp. 144-146). 

The last two pages concern the known expansion for the product 
of a general determinant by one of its minors (Hist., ill. pp. 79-80). 


MUIR, T. (1899). 
[The multiplication of an alternant by a symmetric function of the 

variables. Proceed. R. Soc. Edinburgh, xxii. pp. 539-542. ] 

The theorem here established is that If the alternant 
[ btet eed 
be multiplied by any symmetric function of a,b, ¢, . . . of the t™ degree, 
t being not greater than n, one term of the product is got from the multi- 
plicand by increasing each of its last t indices by 1, and prefixing as 
coefficient the same symmetric function of the roots of the equation 
xn xn-ljyr2__., |, t(—l)? = 0. 


The fundamental step in the proof consists in substituting for the 
symmetric function its equivalent in terms Of Di, DOD, 2 00C ae 
Thus in the example used for illustration, 


| a®%b'e?d? | . Dab, 
there is substituted for La*b the expression 
(Da)?Zab—2 (Lab)?—LaLabe+4Zabed, 
the product obtained being 
2|alb2c3d4| — |a°b?c8d>| — |a%be4d>| + |a%'e8d4|, 
as is otherwise known. 


The theorem has the additional interest of being the basis of 
Sylvester’s previously unexplained theorem regarding “ zeta-ic ” 
multiplication (Hist., i. pp. 233-235, 323-325). 
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LEWICKY, W. (1899). 


[Einige Bemerkungen zur Lagrange’schen Interpolationsformel. 
Archw d. Math. u. Phys., (2) xvii. pp. 214-224; or, in Polish, 
Wiadomosci mat., iii. pp. 264-274. ] 


This discussion of Lagrange’s formula is only of interest to us in 
that the mode of stating the formula is determinantal, namely, 


YU lave it Be ht 
ay ee? a et 
Us UNA oe? Gi. yk b= 10, 
Yael | Won mee Tacs egy tad 


(See Hist., i. p. 155, and iv. chap. xxii. under Echols 1893.) 


MUIR, T. (1899). 


[On a development of a determinant of the mn” order. Transac. 
R. Soc. Edinburgh, xxxix. pp. 623-628. ] 


When the determinant is a difference-product, the development 
takes a specially interesting form ; for example, 


| arbcrdtetfs | — S1{| a%btc®| | detf2|-| (abc) (def) |} 
= D){(c—b)(c—a)(b—a)(f—e)( f—d)(e—d). (deFf? 0%"), 
| arblerdetf 5g6h718 | = aie ade? | | Aelf? | | ghie2 |- | (abc)°(def')3(ghi)® ip 


where the expression under the last © is the product of twelve 
binomial factors, namely, 


(c—b)(c—a)(b—a).... (9®h3e3— def) (g3h?13— aie?) (d3e3f3 — a3b3c3), 


JUNG, V. (1899). 


[P¥ispévek k theorii determinant& mocninnych. Rozpravy Ceské 
Akad. viii., no. 38, 22 pp.] 

Like Lerch’s, this clearly written but lengthy paper shows the 
influence of Studni¢ka. The first nine pages are taken up with the 
rediscovery of Garbieri’s theorem of 1878 (Hist., i. p. 163). A 
notice of Cauchy’s double alternant leads to a similar detailed 
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investigation of a double alternant with squared elements, a specimen 
result being 
(tap) (t, 25) (ty 3)? (44 4)” au it + 
(t2—22)"(tz—2s)* (tp 3) 
(t;—2)*(ts—3)" (ts —s)” 


K,(z) —2K,(z) 3 
—K,(x) K,(z) —2 : 
ae été, : 2K,(x) —K,(z) : 1 
—K,¢) K(é) —-K@® 1 
—K;(¢) K,(t) —K,@) 1 


where 
K,(2) = 1%, +s; Kt) = tt, +tets+tsh, 


and the €2’s are the difference-products of the two sets of variables. 
Borchardt’s double alternant (Hist., ii. pp. 173-175) is also again 
adverted to (see above, p. 187). 


JUNG, V. (1899). 


[Poznamka o jistém determinatu mocninném. Casopis pro ptstovant 
. math. a fys., Xxix. pp. 41-42.] 


This concerns numbers of the type Ya, Lab, Labe, ..., wherein 
a, b, c,... = 1,2,3,...;3 it is quite unimportant in its bearing 


on determinants. 
BURNSIDE, W. 8. anv PANTON, A. W. (1899). 
[An Introduction to Determinants... 84 pp. Dublin.] 
From this (p. 73) we may extract for reference 
|1 sina cos(8—y)| = 4II-2 cosa, 
|sina sin2a sinda| = 16 sinasin B sin y- LY cosa-|1 cosa cos?a|, 
|1 sinta costa | = 2I1’.sin(a+) sin(G+y) sin(y+a), 


>} . ¢ 
|1 tana tan2a| = 211’. > tan a+tan a tan 6 tan -y 
cos 2a cos 23 cos 2y 


where II = sind(y—) sin }(y—a) sin }(G—a), 
and Il’ = sin(y—£) sin(y—a) sin(G—a). 
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In this connection it is desirable to remark that writers of text- 
books might well point out to learners how from a very few such 
evaluations many others are readily deducible, including those got 
by merely substituting for the angles their complementaries : for 
example, from 

[1 sina cosa| and |1 cosa costa| 
which are at once seen to be equal to 
sin(8—y) + sin(y—a) + sin(a—Q), ve. 4II, 

and 

(cos y —cos 3) (cos y —cos a) (cos 3—cos a), ¢.e. 2TL- (XY sina—sin La), 
almost all those of the third order hitherto noted by us, as well as 
many others, can be obtained. This is not unimportant, for other- 
wise recourse must be had to the tedious process of removing 


separately the sines of the differences of the angles, or to sub- 
stituting exponential values for the angle-functions. 


MERAY, C. (1899). 


[Sur un déterminant dont celui de Vandermonde n’est qu’un cas 
particulier. Revue de math. spéc., ix. pp. 217-219.] 


This might have been described as giving merely an improved 
enunciation and treatment of Schendel’s theorem of 1891, if it were 
not that the author is able to show that long before Schendel, and 
indeed before Schendel’s earliest predecessors Franke (1876) and 
Besso (1882), he had occupied himself with the subject and made 
good progress. The early contribution to which he refers appeared 
in 1865 in vol. iv. of the Annales sci. de ’ Ecole norm. sup., the 
strictly relevant passage commencing on page 175.* The improved 
enunciation is similar to that given by us in the note appended to 
our account of Schendel’s paper. 


* The full title of the paper is : Extension aux équations simultanées des formules 
de Newton pour le calcul de puissances semblables des racines des équations entiéres. 
iv. pp. 159-193. 


CHAPTER VIL. 
COMPOUND DETERMINANTS, FROM 1880 TO 1900. 


Unper this heading there are a half more writings than there were 
in the preceding period. About a fourth of them originate in 
Hungary—a curious fact in view of the different state of matters 
in other chapters. 


HUNYADY, J. (1880). 


[A masodfokt girbék és feltletek meghatarozasarol. Ertekezések a 
math. tud. Kérébol, vii. 18 ; 39 pp.] 


This professedly geometrical paper is also particularly interesting 
from the point of view of determinants, by reason of the fact that 
in each case where the equation of a quadric satisfying given con- 
ditions is determined, it takes the form of a vanishing determinant, 
and that in each case also an alternative form is found by trans- 
formation, the consequence being that half a score of determinant 
identities is presented to us. For example, the determinant reached 
in solving the first problem being 


op _2 ay 2 y 2 ») - € r 

X Yo a) 4Y0~0 2zZyo 2Loo 
oe: 2 2 Gryie 

V4 Ya 4 2Y4%4 2z4, 2044/4 
2 2 2 9, 

Te Ys #6 2Y 55 2z5Us 20 5Y5 


Vols Yo3 2% Yo2gtYote %eXgt%Xq CaY3+Xgio 
gl, Ys 2921 Yat tYirs %3%y+%4X3 Yi +XyY/g 
LyXy YyYo2 22 YrrotYo%1 ULgt%oly LyYotTyy 
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Hunyady multiplies it by | 2,425 |8 in the form 
28 Mey hee YZ; ED. mie he, 
X,? Nes: YZ, ZX» XsY, 
ee Vs? LP Ae Z3X3 Xoys 
ZESEOSS NGA, VEY AUN Sale Gf Lada laden dale tual 
2X,X, 2QY;Y, 22,2, Y,Z,+Y¥,Z; Z,X,+Z,X, X,Y,+X,Y, 
ZPD NES Gay Sy fates OY BD GW a Li Xa Lg dy Nao Ne VE 
and obtains 
| oYe23 |? | LYors|* | XyYo%q |? rR, mR; rR, 
| LaYo%s|* | ayy 42s > | tyyeee |? ToRy ros ToRg 
| VsYo%3 |? | tyYs%3 |? | 21H 025 le r3Ry rR; 73Re 
| LyYo%s |® 
| LyY225 |* 
| 214225 |? |, 
whence it follows that the original six-line determinant is equal to 
| LoYo25|* | %yYo2%3[® | XY 2% |? 
| VaYo%s|* | tyYya%s |? | ayyorq|?] + | 214225 |. 
| UsYo%5|® | HyY525 |? | XrY2%s |? 


This interesting result is seen to depend—and so it is with all the 
others—on equally interesting identities in row-multiplication : and 
although Hunyady does not refer to the said identities, it is well to 
take note of them. Denoting by 7,R, the product of the ht" row 
of the multiplicand by the k™ row of the multiplier, we have 

TR, = (%Xy+Yo¥1 +%Z,)? 


ase . 2 
= | aynzel 


Re = 3 +YoV3+%L5) 


2 (Xp Xo+YoY +2 Le) (XX 
= 2| che F | ‘aysto| 
rR, = ous ney +2_L eX, aa tal) 


= = | tft | aaue%o| = 0, 


rR, = a ats pel (one He Seas gL) 
+ (@3X_+Y3Vo+2 ZL) (toX5 +Y2Y3+2Z5) 


= | %Yo2%q|-| tY2e%| + 0-0 = | 44/22 |”. 
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The next four results are similar in character, the determinants to 
start with being all of the sixth order and having rows confined to 
one or other of two types, namely, the types 

LX s YrYs 2,25 Y,%s +Y 2p ads +2 Ly LY s +E Yr > 
and 

Lye Yee Sy? LY ,Sp 22 Ly 2L7Yr- 

The remaining half of the paper is concerned with corresponding 
results in solid geometry, the determinants in their first form being 
now of the tenth order, and the elements of the evolved compound 
determinants being of the fourth order. 


HUNYADY, J. (1880). 


[Tételek azon determinansokrél melyek elemei adjungalt rendszerek 
elemeibél vannak componalva. Ertekezések a math. tud. Ko6rébél, 
vii. 19; 27 pp.] 

The first half of this paper (§§1-5, pp. 1-13) concerns deter- 
minants whose rows are taken partly from a given determinant 
| a,, | and partly from the adjugate determinant ; and the second 
half is quite similar, the m'" compound and the (n—m)" compound 
taking the places of | a,, | and | A,,|. The first half thus deals with 
the case of the second half where m is 1. 

Most of the theorems are found very near the surface, being in 
general brought to light by a single application of the multiplication- 
theorem. For example, if n be 5, and the mixture of rows be the 
1*, 274 4t from | A,;| and the 2°", 5 from | a,;|, we have 


un Ai Ais Ars Aus | 45 | : | 

21 Ace Ass Aca Acs . | 45 nak 

a Ag Aggy Age Ags + | 415] = . . aie | 
Go, Ugg Ag Ugg a5 rely Teo Tog Mag Tas | 
G53 Ase G53 Asa 55 Tsry Tso T5300 T5%q 55 | > 


where 7,7, denotes the product of the h™ row of | a,,| by the k™, 
and thence at once the final result is obtained. Writing the 
latter for the moment in the form 


Mia _ —|a,5|?° Tels Tels 
26 ‘15 


Ns’3 0 T5"5 


> 
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we readily see with Hunyady that 


Misi __ a | tate Ts""5 
35 Cisne: 


Ts%o TsP5 


= —Mni 


25 9 


and generally how the subject is proceeded with. 


HUNYADY, J. (1880). 


[Tételek a componalt determinansoknak egy kiilénés nemérél. 
Ertekezések a math. tud. K6rébol, vii. 21; 15 pp.] 


This paper has considerable value, viewed as an orderly arrange- 
ment and exposition of known theorems, namely, Bazin’s unex- 
tended theorem, the Reiss-Picquet theorem, and theorems on minors 
of the compound determinants involved in these. The reference to 
the authors of the said theorems is, however, strangely misleading, 
Sylvester in particular being wrongly favoured. 

Since one of the authors, Bazin, has suffered much in this way, 
it seems worth while here to draw attention to the fact that almost 
simultaneously in the year 1851 two theorems in compound deter- 
minants were published, one by Bazin and one by Sylvester, and 
that outwardly there was very considerable resemblance between 
them, the statement of them in symbols taking in both cases the 


form 
eel cats cae ene 


where the determinant on the left is compound. Nevertheless the 
two theorems are perfectly distinct. In Sylvester’s case the elements 
of the compound are formed by bordering a given determinant, in 
Bazin’s by supplanting a column of a given determinant by a column 
from another: in Sylvester’s the determinant on the extreme right 
has the other determinants of the equality for minors, while in 
Bazin’s the two determinants on the right are of the same order 
and are independent; Sylvester’s theorem is nothing if not an 
extensional, while Bazin’s is as important without extension as 


with it.* 


* On the general question of these relationships it may be helpful at this stage 
to recall Nanson’s paper of 1900 (see above, p. 76), 
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PAIGE, C. LE (1880). 


[Sur quelques propriétés des déterminants. Nouv. Corresp. Math., 
vi. pp. 490-496. ] 


Of the two identities here given, namely, 
|| abe | bocs| | Cota || = | ayboCs | - | M2bsCa |; 


| esd ese || = | ena] | aybocg ses | - | AadsCadsee |, 


II AybCad,4| | boa ge, 
the second is an ‘ extensional ° of 

{| aybo| | bee; | | €54%6 ll = | aybse; | - | ab; €¢ |; 
which is equivalent to the first, and the first is a rediscovery. (See 
Hist., iui. p. 196.) 


CASPARY, F. (1880, 1881). 


(Ueber die Umformung gewisser Determinanten, welche in der Lehre 
von den Kegelschitten vorkommen. Crelle’s Journ., Xcil. 
pp. 123-144. } 

[Ueber einige Determinanten-Identiteiten, welche.... Crelle’s 

Journ., xcv. pp. 36-43.] 


Caspary’s work is suggested by the papers of Hunyady, Mertens 

and Pasch on the same subject, and is interesting, not as giving any 

fresh result in determinants, but as providing Grassmannian veri- 
fications of known identities. 


MUIR, T. (1881). 


[Note on the multiplication of the (n—1)™ power of a symmetric 
determinant of the n™ order by the second power of any deter- 
minant of the same order. American Journ. of Math., 1 
pp. 273-275. ] 


This is a generalization of an identity of Hesse’s, and, as the title 
indicates, in a different direction from Hesse’s own generalization 
of 1853 (Hist., ii. pp. 132-133). It is, however, of comparatively 
little importance, being included in Sylvester’s theorem of 1851. 
For example, from Sylvester we have 


\| AyboCyd4| | a bycges | | 4D2¢3 fe ll = = | AybCad yes fe | - | ab2c, a5 
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and the degeneration referred to takes place when 


CEEORE CA TTY pore, 
Od Meteo rs yee 2: 


is substituted for | a,b.c,d,e; f |. 

Kronecker’s theorem of 1869 (Hist., iii. p- 19) is similarly in- 
cluded, and the same may be said of Scott’s of 1881 as reported 
on next page. 


HUNYADY, J. (1881). 
[Egy negyedrendt feliiletrél. Ertekezések a math. tud. Kérébil, viii. 
12 ; 20 pp.] 

[Ueber den geometrischen Ort der Kegelspitzen der durch sechs 
Punkte gehenden Kegelflachen zweiten Grades. Crelle’s 
Journ., xcil. pp. 304-306.] 

[Zusatz zur Abhandlung: Ueber die verschiedenen Formen.. . 

Crelle’s Journ., xcii. pp. 307-310.] 
Having ascertained that two forms of the equation of the locus 
in question had been found, Hunyady as before sets himself to 
prove the determinant identity arising therefrom, namely, 


2 2 2 2 
Ty” oY ay Uy UyYy Uy2, LU Yq YU Uy 


Ue” Yor qe Ug? Leu Ver— Uelg Yors Yelle Zatlg 
Ere ws ah a y z u 
ZU uae Mk x ; : z U 
aes: : x : y P u 
Bee: pale : y z 


= 2 {| LyYo2st | | LoYs%or | | VrYa25e| | Vaya | 
— | way s%ett| | LY ya | | VoyaZ—ee| | Cys Ne 


where x, y, 2, u are the coordinates of the vertex of the cone, and 
Dy eqn OAs Xe, Yer %, Ue those of the six given points, 
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In the other paper in German he returns to the geometry of the 
plane, and with increased insight and skill now deduces from the 
single equation 


a) 2 2 
ay Yy zy Yyey yy LY | 


pea) 
owe Pent 
| He UE % Yor te Vee | 


all the related equations of his former memoir (Hist., iii. pp. 191-2). 

The paper in Magyar has practically been cut in two to furnish 
the material of the two papers in German; its style also is 
somewhat more diffuse. 


SCOTT, R. F. (1881). 


[On some forms of compound determinants. Messenger of Math., 
xi. pp. 96-98. ] 
The main theorem here is that the determinant whose (r,s) element 
is the determinant got by bordering | ay»| by the x® column of | Pin | 
and the s™ row of | in| 1s equal to 


(LE ; | bin | : | Cin | - | Ain ee 


It is another special case, similar to Muir’s, of Sylvester’s theorem 
of March 1851; but is not so viewed, and is proved quite inde- 
pendently. Sylvester’s, as we know, may be said to concern the 
compound determinant whose elements are the (n+1)-line minors 
of | y,@o9 - ++ Ann +++ Gew| Which contain | a@,,| as a minor, the 
equivalent of the said compound being 


| 41909» + + Onn |"? * | Gyr eg - - + Gan + + + Tow |. 


What we have now come to is the case of this where w = 2n and 
where | @,,42 ..- %{ has nothing but zero elements in its last 
n-line minor, and consequently resolves into 

(—1)"* | Gy nye, ng2 +++ non |*| Untt,1%n42,2 ++ + Cann |. 


The theorem is also extended by making each border consist of 
m lines instead of 1, the result then being 


(—1)"-%m : {| Din | ; | Ca oe , | Ain |("—1)m, 
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HUNYADY, J. (1882). 
[Néhany determinans-egyenletrél. Brtekezések a math. tud. K6rébol, 
ix. no. 10; 19 pp.] 
[Ueber einige Determinantengleichungen. Crelle’s Journ., xciv. 
pp. 171-178.] 


A return is here made to the consideration of various previously 
used relations between minors of a 3-by-6 array, the main object 
being still geometrical, and the difference in treatment being that 
now the number of the relations of each type is inquired into and 
all of them set down at full length. 


KRETKOWSKI, W. (1882). 


[Dowéd pewnego twierdzenia tyezacego dwéch wyznacznikéw 
ogélnych. Pamietmk Akad... .w Krakowve, ix. pp. 45-47.] 


What is given us here is another proof of Bazin’s unextended 
theorem of 1851, our latest reference to which is in connection with 
Hunyady’s third paper of 1880 (see above, p. 205). 


KRONECKER, L. (1882). 
(See under this heading in Chapter I.) 


HUNYADY, J. (1882). 
[Question 1416. Nouv. Annales de Math., (3) 1. p. 384.] 


The proposition here set for proof concerns the determinant of 
the sum of a square matrix and its conjugate, and, in later phrase- 
ology, is to the effect that a determinant and its adjugate bear to one 
another the same ratio as their duplicants ; or, in symbols, 

dupleAy | == *la,,. |" 2s duplo}a;, |. 


No proof was elicited, and the question was forgotten.* 


* The subject of the duplicant seems to have been neglected until taken up as 
new by Muir in 1914, when the theorem here stated was discovered and 
published along with other results in the Messenger of Math., xliii. pp. 184-192, 
The priority of course rests with Hunyady. 
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SCOTT, R. F. (1882) 


[On compound determinants. Proceed. London Math. Soc., xiv. 
pp. 91-102. ] 


The first four paragraphs (pp. 91-95) concern Sylvester’s theorems 
of March 1851, readily convincing proofs of them being given.* The 
next four paragraphs (pp. 95-98) make use of the theorems in the 
manner of Muir’s paper of 1881 to obtain anew the results arrived 
at otherwise by the author the year before. The more general of 
these two results may be formulated thus : The determinant, F say, 
whose (r, 8)" element is the determinant got by bordering | ay, | by the 
x set of m columns of | by, | and by the s™ set of m rows of | Cin | 2s 
equal to 


(en pete : | Ain ar F {| Din | : | Srl ee 


He now notes a companicn determinant, G say, whose (r, s) element 
has for a border the columns of | },,| and the rows of | ¢,| which 
are not used in forming the (7, s) element of F. This, he says, is 
equal to 

(—1)®-m).1m . | Ayn |(»—Dm-2, {| dink al Cig [Leste 


He might have added the suggestive deduction that 
FG = {(—1)"ABC}”". 


In the remaining four pages (pp. 99-102) fresh ground is broken, 
the subject being that which we have seen repeatedly arising in 
connection with such related pairs, namely, the ratio of a minor of 
F to the complementary of the corresponding minor in G. This 
ratio, when the minor of F is the first of the p-line minors, is found 
to be equal to 


I 


(—1)"”. A”. (BC) where ie = p—-(—1l)m4 
Y P ia (n—1)m- 


More than one proof is given. 


* This paper and Van Velzer’s referred to on the opposite page helped to draw 
attention to only part of Sylvester’s work of 1851: they did nothing for the 
neglected theorem on sums of products of pairs of determinants (see above, p. 78), 
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BARBIER, E. (1883). 


[Sur une formule de Lagrange déja généralisée par Cauchy : nouvelle 
généralisation. Comptes Rendus... Acad. des Sci. (Paris), 
xvi. pp. 1845-1849.] 


[Généralisation du théoréme de Jacobi sur les déterminants partiels 
du systéme adjoint. Comptes Rendus... Acad. des Sci. 
(Paris), xcvii. pp. 82-85.] 


Neither of these communications is an advance, the first merely 
giving an example of a compound of | a,b,c,d,| and two compounds 
of | a,b.c,d,e; |, and the second giving examples equally simple of a 
minor of a compound. 


VAN VELZER, C. A. (1883). 


[Compound determinants. American Journ. of Math., vi. pp. 164— 
172: Johns Hopkins Univ. Circ., i. (1880), p. 132.] 


Although no really new theorems are reached here, the mode of 
investigation and the presentation have in them a welcome fresh- 
ness. As in Sylvester’s paper of 1879, more than ordinary use is 
made of geometrical diagrams in the exposition. Even the fresh 
terms introduced have a geometrical air about them ; for example, 
the law of extensible minors being unknown to the author, | abcd, |, 
| a,bocsdae; |, | AboCs44e5fe|, ... are not styled extensionals but 
‘ gnomonics ’ of | a,b,c3|, because to form them a gnomon of ele- 
ments is annexed to the array of | a,b,c,| in each case: on the 
other hand, it is curious to note that | a,b,c, | considered as a minor 
of its gnomonics is viewed as being formed from each ‘ by taking 
away an aphaereton’ not a gnomon. The more important results 
arrived at are Muir’s extension of Laplace’s theorem (1879), Syl- 
vester’s theorem in compound determinants (1851), and an approxi- 
mation to a ‘principle of duality’ depending on interchange of 
gnomonics and minors. This principle would have been more 
valuable had it been as readily applicable as the law of extensible 
minors. As it is, however, theorems obtained by the use of it are 
claimed to include some of Scott’s theorems of the previous year 


(see opposite page), 
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HAMBURGER, M. (1885). 


[Anwendung einer gewissen Determinantenrelation auf die Integra- 
tion partieller Differentialgleichungen. Crelle’s Journ., ©. 
pp. 390-404. ] 


The first four pages of this paper are devoted to the consideration 
of a set of relations between the primary minors of an array of m 
rows and m-+h columns, say the array 


Ay Ag + e+ + Aymtn 
Qs, Ugg + + + + Aamtn 
Ami Ame Oe) An, m-+h > 


and he opens with a theorem substantially identical with Bazin’s 
unextended theorem of 1851, already repeatedly rediscovered. 
Hamburger’s mode of proof is probably the simplest possible, con- 
sisting in merely multiplying column-wise any one of the said minors 
by the adjugate of the first of them, and noting that every product 
of two columns in such a multiplication is equal to one of the minors 
of the array ; for example, 


(4,5 Cory Sneeiery Omer) Ares Ax; o) 80, 819 Amr) 


is equal to the minor formable from the first of the minors by sub- 
stituting for its k’" column the 7” column of the array. The con- 
nection of the theorem with Sylvester’s of 1839 and 1851 is reached 
in the same way as by Rubini. 

His next step takes him to d’Ovidio’s result of 1877, namely, that 
the number of the relations in question that are independent is 


(m+h)»—mh—1, 


the reasoning being that (m-+-A),, is the total number of minors, and 
in expressing the whole of them by means of Bazin’s theorem the 
number used is mh-+-1. In this connection it is recalled that the 
case where h is 2 had already been dealt with in 1875. 

After the consideration of an unimportant converse theorem, the 
reader is reminded that throughout the discussion the first of the 
minors had been viewed as non-evanescent and is told what line 
should be taken in the opposite case. 
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MUIR, T. (1889). 


[Note on Cayley’s demonstration of Pascal’s theorem. Proceed. R. 
Soc. Edinburgh, xvii. pp. 18-22.] 

After the papers of Scholtz, Hunyady, etc., this has little or no 
interest save as showing how Cayley’s early equation (1843, Hist., 
li. p. 13) could be simplified and made to take one of the later 
forms, namely, the form 


123 . 156. 425. 436 — 125.136. 423 . 456 =0. 


D’OVIDIO, EB. (1890). 


[Altra addizione alla nota sui determinanti dideterminanti. Ait . . 
Accad. delle Sci. (Torino), xxvi. pp. 131-133.] 


This second supplement, called forth by the appearance of Bar- 
bier’s two notes, passes quite fair criticism on them in showing their 
exact relation to theorems previously known. The author also takes 
occasion, with the same object in view, to refer shortly to Picquet’s 
memoir, giving nothing more than reasonable prominence to his 
own work. 


GRUSINTZEFF, A. £. (1891). 


[Contribution to the theory of adjugate determinants (in Russian), 
Communications Math. Soc. Kharkov, (2) 1. pp. 94-102. ] 


The subject here is the iteration of the operation of forming the 
adjugate. In place of the author’s main theorem, part of which 
seems inaccurate or misprinted, we prefer to give a more general 
theorem which ought to include it, namely, Jf Ay be any n-line 
determinant, A, the adjugate of A,_,, and M, and M’,_, be in their 
respective determinants complementary minors so far as position ts 
concerned, the one being of the k' order and the other of the (n—k)*, 
then 


Ga Dae 
A ; ; 
Mi. in Asn = Ay 4 v My -x m Ao, 


{@—pem41} 54 


. / 
M, in Amit = Ay ' Mh-« 1 Ay. 
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By repeated use of the theorem regarding a minor of the adjugate, 
we have 
M, in A, = Agi? -Mj_, in Ay 
Moin Ay = Ae eM in AG 
M, inA, =A? -M,_,4n A, 
Moy in Ay A er Mes, 
and therefore by multiplication and division 
1G, in Agm = (ApAe--- Re ay) Agape Sten 1) ee M,-;, in Ao. 
But since A, = Ay”-”, it follows that 


—=1)2aee eile 
AyAs Gac Aom-2 = Ate ve she 
(n—1P'™—1 (n—1)?"—1 


row A Gz Wah teen Ag n(n—2) , 


and similarly 


(n—1?"-1 oth 
A, As rete 8) ane = te n(n—2) ; 
so that 
(n— a} 14+(n—1)(n—k-1 


(AAs... Agmaa)®-}(AyAg © «+ Agm—1)*~ eae Seay nit 


(n—1P™—1) (n—2)(n—k) 
= i) Ay mn=2) 


and consequently 


n—k 
’ < { (n—1)2" -1}"— . 
M,-x 1D. Asm aves Ay . Moe in Aa 


as desired. The second part of the theorem follows readily from 


the first ; for, using again Jacobi’s equality with which we started. 
we have 
M, 1 m Agni = ~ Atm: M,,- k in A eee 


which with two evident substitutions on the right takes the form 
given in the enunciation. 

The interesting cases are where k = 1 and k =n—1. It is one 
of these that is considered in the paper under review. 

We may add that an alternative to the above proof may be 
obtained by using the following lemma: If Ag stand for | ay | 
and A, be the adjugate of A,_,, then the (r, s)" element of Arn 28 

(n—1""—1 
Abd \o ae 


COMPOUND DETERMINANTS (GRUSINTZEFF, 1891) 215 


and the (r, s)™ element of Aom+, is 


(n—1P"—1 
n 


Ay, Ag 


For example, the 4" adjugate of | a,b,c, | is 


(n —1) 


A,| ab9C, [> dg| aybycg [> a3| aybecg le | 


and the 3" adjugate of | a,bycad, | is 
(A,| Adela, iN A,| AybyCad, | ° A3| Qybycsd, ie Ag| a,bgcgd, | ° | 


RADOS, G. (1891). 


[Az adjungalt helyettesitések elméletérél. Math. és Term. tud. 
Ertesité, x. pp. 34-42.] 
[Zur Theorie der adjungierten Substitutionen. Math.-u.-naturw. 
Berichte aus Ungarn, x. pp. 98-107: also in Math. Annalen, 
xlviu. pp. 417-424.] 


As the ‘substitution adjugate to a given substitution’ is that 
whose determinant is a compound of the determinant of the latter, 
it is not unnatural to find in a paper with a title like this an in- 
teresting property of compound determinants. Put in different 
phraseology from the author’s, the theorem is that the latent roots 
of the m™” compound of a determinant are the m” products of the 
latent roots of the latter. An old closely-related theorem, so-called 
Francke’s, also comes naturally in for attention, a proof of it being 
given. 

LANDSBERG, G. (1892). 


[Ueber relativ adjungirten Minoren. Crelle’s Journ., cix. pp. 225- 
230. | 

In this paper, which in matter is comparable with Van Velzer’s 
of 1883, there are no fresh results, the first of the two rediscovered 
theorems being Muir’s extension of Laplace’s expansion-theorem 
(1879), and the second being Sylvester’s of 1851 on compound 
determinants. The idea of ‘ relatively adjugate minors’ comes in 
merely as an aid to the enunciation of the former theorem ; it will 
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be understood when we say that | a,b.cy4,e;| and | ayboCo fers | are 
a pair of such minors, and that the justification given is that | dyes | 
and | f,g7hg|, of which the previous pair are extensionals, are actual 
adjugates (i.e. complementaries) in | dye; feGris|. It is strange, how- 
ever, that the previous pair bear the designation along with the 
words ‘in regard to | a,b,c,| ’ of which neither is a minor. 


NETTO, EB. (1893). 
[Zwei Determinantensitze. Acta Math., xvil. pp. 199-204. ] 
The first theorem concerns a three-line compound determinant, 
the elements of which are primary minors of an (n—2)-by-n array, 
Elements of this kind being, as we have seen, sufficiently specified 
by their column-numbers, the theorem may conveniently be viewed 
as the extensional of 
|1245| |1246| | 1256 
| 1345] |1346| |1356|] = 0, 
| 2345] |2346| | 2356| 


or 
|| 12,45| |13,46| | 28,56|| = 0, 
—a simple result of the type dealt with in Reiss’ third section, 
Here it is deduced from consideration of a set of simultaneous 
equations, and also by the application of Laplace’s expansion- 
theorem. 
The second theorem is Sylvester’s first of March 1851. 


MUSSO, G. (1893, 1894). 
{Sui determinanti reciproci. Giornale di Mat., xxxi. pp. 201-209 ; 
Xxx. pp. 81-85. | 
Here the second paper, which the writer uses to compare the 
rediscoveries of his first paper with D’Ovidio’s work of 1876-7, is 
the more instructive. 


VAHLEN, K. T. (1893). 
(See under this heading in Chapter L.) 
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METZLER, W. H. (1893). 


[Compound determinants. American Journ. of Math., xvi. pp. 131- 
150.] 


The main part (pp. 132-145) of this longish paper concerns the 
sums of certain sets of k-line minors of the m** compound of a 
determinant ; for example, coaxial minors and minors belonging to 
the same oblong array. In the opening cases the so-called Franke’s 
theorem is used, followed by simple addition: in the others the 
law of extensionals could be employed with good effect. 

Passing to the subject of latent roots, the author then (§ 3) affixes 
~x to each diagonal element of | a,,| and of its compounds, and 
expanding the resulting determinants in descending powers of z, is 
led to a rediscovery, namely, the probably general truth of Rados’ 
theorem of 1891. 

The remaining three pages concern axisymmetric and other 
special forms. 


MULLER, E. (1894). 


[Anwendung der Grassmann’schen Methoden auf... Crelle’s 
Journ., exv. pp. 234-253.] 


The only interest of this for us lies in the fact that geometrical 
results which we have seen Caspary, Pasch, and Hunyady obtain 
by means of determinant theorems are now arrived at in Grass- 
mann’s fashion, the ‘ outer product’ being the moving agent. 


FROBENIUS, G. (1894). 


[Ueber das Trigheitsgesetz der quadratischen Formen. Sttzungsb. 
... Akad. d. Wiss. (Berlin), pp. 241-256, 407-431; or Crelle’s 
Journal, cxiv. pp. 187-230. ] 

Sylvester’s theorem of 1851, as being ‘the basis of his whole 
investigation,’ Frobenius again establishes (§ 1, pp. 242-245) as in 
his paper of 1878. He also points out, as Muir had done in 1881, 
its applicability to Kronecker’s compound determinant of 1869, and 
thereby establishes the latter’s theorem of that date regarding the 
evanescence of certain minors. 
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JAROCHENKO, 8. P. (1894). 


[Some theorems in determinants (in Russian language). Mem. 
Univ. . . . (Odessa), lxi. pp. 593-606. ] 


The main result is an extension of one of Netto’s rediscoveries of 
1893, but is also itself a rediscovery. 


RADOS, G. (1896, 1897). 


[Adjungierte quadratische Formen. Math. u. naturw. Berichte aus 
Ungarn, xiv. pp. 85-91, 116-127 ; but originally in Magyar, 
Math. és Term. tud. Ertesité, xiv. pp. 26-32. See also Verhandl. 
d. internat. Math.-Kongresses (Ziirich), pp. 163-165. ] 


As a binary quadric ‘ adjugate to a given binary quadric ’ may 
be defined as that whose discriminant is a compound of the dis- 
criminant of the latter, there is the same room here for an incidental 
property of compound determinants as in the author’s analogous 
paper of 1891. The nearest approach to such, however, is only 
when consideration is given to the special case where a number of 
the latent roots of the discriminant of the original quadric are zeros. 


PASCAL, E. (1896). 


[Sulle varie forme che possono darsi alle relazioni fra i determinanti 
di una matrice rettangolare. Annali di Mat., (2) xxiv. pp. 241- 
253. ] 

The first of the four sections of this paper deals with the relations 
connecting the determinants of an oblong array, written, however, 
without knowledge of any previous work on the subject except 
Vahlen’s paper of rediscoveries. It contains a fresh proof, com- 
parable with Cayley’s of 1843 (Hst., i. pp. 10-11), of what is pro- 
perly called the ‘fundamental identity,’ but not recognised as 
Sylvester’s theorem of 1839 and 1851 *; for example, the vanishing 
of the expression 


| Aybycs | | dyesfs| — | aybads| | C¢2f3| + | dyCods | | bieofs | 
— | beds | | dyes f s| 


* The remark made above (p. 78, footnote t) regarding Scott’s text-book applies 
also to Pascal’s. 
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is based on the fact that it is an equivalent of 


A, M, az | Aeofs| 

b, bg bs | bye fs | 

CC, C3 | Cea fs | 

d, d, dz |dyesfs| |. 
The second section concerns the vanishing 3-line compound deter- 
minant rediscovered by Netto, and gives a companion to it which 
is readily seen to be an extensional of a known result. They are 
here established by using thrice the above-named fundamental 
identity and then eliminating. 

The subject of the third section is compound determinants whose 
elements are formed of columns taken from two given determinants. 
The inclusion of this is not out of keeping with the title of the paper, 
for the said elements may be equally justly viewed as minors of an 
n-by-2n array. The previous writers referred to are Sylvester, 
d’Ovidio, and Picquet. First of all are given the two main theorems 
from Picquet regarding his pair of ‘mixed compound.’ Following 
on these are Bazin’s theorem of 1851, though not recognised as 
such, and Sylvester’s theorem of the same year. Then comes what 
is spoken of as a generalisation of the latter, but is perhaps more 
naturally viewable as the extensional of a case of Picquet’s. It 
concerns a special minor of the ‘ mixed compound,’ and is followed 
by a companion theorem the subject of which is the complementary 
minor in the twin compound. While the former is resolvable of 
course into powers of the two basic determinants, the latter has as 
an additional factor a power of a determinant formed of columns 
from both basic determinants. 

In the fourth section Pascal resumes consideration of Laplace’s 
expansion-theorem which he had dealt with in a previous paper of 
the same year. The two theorems brought forward in that paper 
are now generalised, expansions being given for 


|ay, Ae, ONO 5) Gm, | a | ay; As, CORON Co Ogata: J Dice 
and 

| 4, Ae, COONS) Uppal see | My, As, a, isp ed Uinen Ons Naa On 0 05) aged 
where the a’s and 6’s are the numbers of the columns in an 
m-by-(m-+A) array, 7 is the number of factors in each term of 
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: ; eee is 
the expansions, and every determinant on both sides is of the m 
order and contains the columns @,, @2,.- - 5 Gm—a-* 


ARANT, D. (1896). 


(Question 1751. Nouv. Annales de Math., (3) xvi. p. 583; (4) xvi. 
p. 246.] 


The determinant here unsuccessfully drawn attention to is that 
whose elements are the determinants of three 2-by-3 arrays. 


NANSON, E. J. (1897). 
[On determinant notation. Philos. Magazine, xliv. pp. 396-400. | 
It is here proposed to denote the oblong array 


GQ, Ne Qin 
a a a Disney 2 ae 
21 22 2n by (pq) ey ’ ? ’ ); 
. \¢ <= sin 
Amy me +++ Ann 


and the proposal is supported by using the notation in stating 
Sylvester’s two theorems of 1851 in regard to compound deter- 
minants, and Schweins’ proposition regarding the equality of two 
aggregates of products of pairs of determinants. For example, the 
simpler of Sylvester's theorems is put in the form : 


If Cs. (apq) (bys) (p, Se ae eae m), 
(C.q) d.. 
then: | erm |i = |:Spq (eta), (Ops) hate Seale 2, ,n) 
(Crq) (Ges) | 


An interesting commentary on this and the other theorems is also 
given. 


METZLER, W. H. (1897). 
[Compound determinants. American Journ. of Math., xx. pp. 253- 
272.] 


The author resumes his study of 1893, relying now mainly on the 
law of complementaries and the law of extensionals. The first nine 


* In connection with the third section see above, p. 205. 
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pages afford an interesting contrast with Van Velzer’s paper of 
1883, the theorems dealt with being the same. The next five pages 
concern minors of the m'" compound that are resolvable or are equal 
to zero, the former including some with two different factors, some 
with three different factors, and some with more than three like 
Muir’s of 1879. The remaining pages (pp. 267-272) are occupied 
with illustrative examples taken from compounds of |a,;|. All 
these examples, however, with the exception of three, are merely 
extensionals of equalities pertaining to a determinant of lower 
degree than |a,;|. The three that primarily concern the 5 order 
are : 


123} |125) [145] |345|] — | 1235] | 1245 pie 
234| |235| | 245) |345/ | ~~ | 2345] |2345] | 2345], 
234| | 235) |245| |345/] __ 0 
| 145] |235| |245| |345;)/][ °° ~° 
145| | 234] [235] |245| |345/] _ 0 
1309") 1457" 17235) 24571345) | 


and the second of these is pointed out to be one of the fifteen 


234) (234| (234) (234) | 234| | 234 
125| |135| |145] [235] |245| | 345 
235| | 235 235 
UPL Ie A CSE aileil ihe Sted ceemaami es? aa | 
245 | | 245. 245 
Los i tab So aeagtl a “hilguelB45 
345 | | 345 345 
Te loo gre ee oe 1 345 


It might have been added that the third hangs upon five of the same 
fifteen. 

The notation used throughout the paper is not wanting in pre-_ 
cision, but is distinctly cumbersome. Its basis is a symbol for the 
A m-ary combination of the integers 1, 2,..., , namely, 

(n | m) 
for example, 


(5 | H) stands for the combination 2, 3, 4. 


. 
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As a comparatively simple instance of its use we may take from 
the first part of the paper the extension of Laplace’s expansion- 
theorem, namely (p. 259), 


Bor =A 
A. Agim) = » (=1)Agymjy + Asma» 
a Bor é=1 a Bp a B 
(n | m) (n| ml) 1) (n|m| 2) 
ban) $ 


Y Y 
the effective visualizing of which is likely to be found difficult, at 
ieast by the ordinary student. 


IGEL, B. (1898). 


(Beweis einiger Determinanten theoreme von Sylvester. Monats- 
hefte f. Math. u. Phys., ix. pp. 47-54.) 

The theorems in question are Sylvester’s of March 1851, already 
repeatedly proved, but here in their connection with the papers of 
Franke, Frobenius and Netto very clearly and profitably commented 
on. (See above, p. 76 and p. 205.) 


STUDNICKA, F. J. (1898). 


(O novém druhu determinanté ptidruzenych. Vestmik Ceské Akad. 
..., Vil. pp, 283-291. ] 
The ‘new’ determinants in question are the compounds. No 
fresh property is brought to light. 


STUDNICKA, F. J. (1898, 1899). 
(See under this heading in Chap. I.) 


WHITE, H. 8. (1899). 


[Two elementary geometrical applications of determinants. Annals 
of Math., (2) i. pp. 103-107. ] 


The geometrical theorems are those of Pascal and Desargues 
which we have already seen more than once treated with the help 
of determinants. The author himself refers to Hunyady’s second 
paper of 1879, 
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MUIR, T. (1899). 
[On the eliminant of a set of general ternary quadrics. Transac. R. 
Soc. Edinburgh, xl. pp. 23-38.] 
There enter here as auxiliaries two results worth noting, namely, 
the fact (p. 32) that the axisymmetric compound determinant 
| aybogs | | aybofs| | ay bacs | 
|@rbogs| | arfogs| | iboes| | ar fers | 
| dbofs| | aybecs| | Pi fogs| | bicags | 
[@yb2¢3 | | a focs| | icogs| | ficags | 
is the eliminant of 
ae? + by +o + fy + yee = 
Agx* + boy? + p22 + foyz + grax = 0 
age® + byy® + ose? + fyz + gaze = 0); 
and (2) the identity (pp. 35-36) 


| 
oS 


147 248 349 pp (187 238 | pee 218 819] es 127 
Os a a J 179 289)" 287 397 328 178 
167 268 369 | | | 


where the digits 1, 2, 3, ..., 9 indicate the columns of any 3-by-32 
array. With the latter may be compared identities given under 
Reiss and Scholtz (Hist., ui. p. 186, p. 196). 


CHAPTER VIII. 
RECURRENTS, FROM 1880 TO 1898. 


THE number of writings dealt with here is slightly in excess of the 
number for the preceding period. 


GLASHAN, J. C. (1880). 


(Change of the independent variable. American Journ. of Math., 
ii. pp. 190-191.] 


Here wu and v are given functions of x, and it is required to 
find the successive differential coefficients of « with respect to ». 
Denoting 

Loh Tee 


meet eae by wu,, Uv, respectively, 


Glashan finds, for example, 


Us Oy 
Up Vo v7 
Us Vs 204V2 v,° 
Ug Ug  20,0g-+042 3047V5 v3 
1 ou 


Us Vz 2A(Vg+Va3) _3(VPVs +0409") _ 4V,PV 
ee ee 
U1 -042-0;3. 044+ 0,5 


ahr pale! 


and gives the general result. 
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McKENZIE, J. L. (1880): FARKAS, J. (1880). 


[Question 6369. Hduc. Times, xxxiii. p. 171: Math. from Educ. 
Times, xxxvii. p. 39.] 

[Die Summe gleichartiger Potenzen von den Wiirzeln einer alge- 
braischen Gleichung als Function der Coefficienten derselben 
Gleichung und umgekehrt. Archiv d. Math. u. Phys., \xv. 
pp. 433-435. ] 


Nothing here is really new (see Hist., iii. p. 209), save in the 
second paper the mode of obtaining the equation connecting the 
s’s and the c’s (Hist., ii. p. 218). 


CESARO, E. (1880). 
[Question 604. Nouv. Corresp. Math., vi. pp. 527-528.] 
From its manner of statement Cesaro’s theorem looks more 
important than it really is, becoming in fact self-evident when the 
functional symbols are got rid of, and the two complete columns of 
the recurrent are placed side by side. For example, 


tg mes See ee ee | = Ag to As 
oe Ce UR 4G. Aatcors 
Oh VEN Es ee ae 
pee Osu Ge) G4 ARG eN) oPG- Al ue Cg i-- |G," Oo «| + COL, 
PE eh OR a te baad by 
Cn ComeiCe 


and, consequently, if the second term in any one of these expansions 
vanishes, the determinant equals aA, or 6B; or ¢,0, or... . 


MOLLAME, V. (1881). 


[Sulla somma della potenze simili di numeri qualunque in pro- 
gressione aritmetica,.... Atti dell’ Accad. Gioema..., (3) 


Xv. pp. 261-272. ] 
Putting 
S, = a,'+a,*+...+a, where a, = a,,+4, 
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Mollame, evidently with an eye on Lucas’ papers of 1876, 1877 
(Hist., iii. pp. 238-239), shows that 


a”, ,— a," = (m),dS,,_1 + (m (m)o@Smn—2 t--- + (m) mS 
= (S+d)? — Sin» 88ay, 
and thence derives 
(a,,,—a,)d"-4 (1) 


ds (-1)-1 (a2,,—a,2)d"-* (2)o 
Mm! dS osccreela= | ible coe , 


(ats'—a,"—2)d_ (MV) na +++ (M1) (M1) 
(A344 1") (M)m +++ (Mg (™M)a 
His ‘new expression’ for a Bernoulli’s number is essentially the 
same as one of Glaisher’s (Hist., i. p. 235). 


PINCHERLE, 8. (1881, 1883). 


[Sopra una formula di analisi. Giornale di Mat., xix. pp. 385-386.] 
[Una formola sui determinanti. Rendic.... Accad. delle Sct... « 
(Bologna), Anno 1882-3, pp. 105-106. ] 

The formula here twice published by Pincherle is a rediscovery, 


having been given in 1876 by Janni and by Glaisher (Host., ui 
pp. 237, 460). 


DAVID, J. M. (1882). 


[Applications de la dérivation d’ Arbogast 4 la solution de la partition 
des nombres et & d’autres problémes. Journ. (de Liouville) de 
Math., (3) vi. pp. 61-72.) 


The operator D here used in developing 
p(a+a,r+ayr*+ .. .) 


according to ascending powers of «, David defines by the recurrence- 
formula 


Digi) = rl) 8 + 9 @) DAT + o@) DE +. 


In applying it the paragraphs specially interesting to us are §§ 4, 5, 6, 
where ¢ is the n power. The result obtained is 


(a+a,z+aqr? +...)" = a® + xD(a") + 2*D?(a") +... 
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D*(a™) being expressed by means of a determinant : for example, 


a, —a 

am Ae 2a, (m—l)a, —2a 

= = Hr | 34 (2m—l1)a, (m—2)a, —3a : 
4a, (3m—l)az; (2m—2)a, (m—3)a, —4a 


5a, (4m—l1)a, (3m—2)a, (2m—3)a, (m—4)a, |. 
Two special cases are considered, but the determinants occurring in 
connection therewith are rediscoveries. 


CHERRIMAN, J. B. (1882). 
[Note on application of a special determinant. Proceed. and Transac. 
R. Soc. of Canada, i. (3) pp. 13-14.] 


From the determinants for s, and &, in terms of the coefficients 
of the equation: 
oe -+ae4t4+...+a, = 0 
there is here obtained the relation 
— 8 = GN,, + 2a.N,_. +... +74, 
almost formulated by Trudi in 1878. 


SACHSE, A. (1882). 


[Ueber die Darstellung der Bernoulli’schen und Euler’schen Zahlen 
durch Determinanten. Archiv d. Math. u. Phys., xviii. 
pp. 427-432.] 
Sachse, adopting Lucas’ procedure in connection with Bernoulli’s 
numbers (Hist., ii. pp. 238-239), obtains a similar expression for 
Kuler’s numbers, namely, 


1 
a 1 
[ae 
raglan hall Vine hide 
fest A C7) as Goa 
aa Zah oho 
* In 


He also expresses any one of either set of numbers in terms of 
preceding numbers of the same set. 
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AMANZIO, D. (1883). 


[Di alcune trasformazioni del simbolo d’operazione 


) C) ie) (e) Ce) 
VU... 2+ Y— ae 

(oe; NOL Ce Ct OO 
e proprieta di alcuni determinanti che derivano da queste 
trasformazioni. Giornale di Mat., xxi. pp. 110-144.] 


There are four determinants here evaluated with much labour, 
but the fourth 


\ 


1 
k(k+1) 
i n—M 
ene Tez 7 
1 n—M n—m+l1 
(k+2)(k+3) 2°3 fale 
J n—mM n—m+1 
(k+m—1)(k-+m) (m—1)m (m—2)(m—1) 7" ; 
1 nm n—m+1 n—1 
(k+m)(kK+m+1) m(m-+1) (m—1)m ser ne 


includes the three others, the third being the case where k = 1, the 
second the case where m = n—k—1, and the first the case where 
both these specializations are made. Save in the simplest case,— 
where the value is 1/n,—the evaluation is only effected by retaining 
in use a difference-operator, the reason doubtless being that it is 
only in the said case that the constitution of the first column is in 
keeping with the others, as tested by the law of progression in the 
diagonals. The result reached is given in the form 


mr go | ee ee 
a—l | 


where A) denotes the operation of taking the k difference with 


respect to a, 6) the same operation followed by putting x equal 
to 0. 
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BRUNO, F. FAA DI (1883): HAGEN, J. (1883): 
MACMAHON, P. A. (1883). 


[Sur le développement des fonctions rationnelles. American J ourn. 
of Math., v. pp. 238-240. ] 

[On division of series. American Journ. of Math., v. pp. 236-237.] 
[Note on the development of an algebraic fraction. American 
Journ. of Math., vi. pp. 287-288. ] 

The double result meant to be given by Bruno is that the co- 
efficient of x? in the expansion of 


(a+ ayX+aox?+ ... +a,x")-1 


8-7) —|] ay ag 
= : S_o 8_, —2 . oe Fe) ne = ( —1)P - ao ay ao 
COS cee 8 5 2/8 oo 8 aq” 


ay iy oes 
adls A meas 
Neither right-hand equivalent is really new : both are reached with 
much trouble: and both are incorrectly stated. The desideratum 
being the coefficient of x? in 

: (i ee ed jae) 


A Ay OP 


is > - p aleph function of the reciprocals of the roots of the equation 
‘ : 


Oe ee te Oo 0), 


and therefore is = - p™ aleph function of the roots of the equation 
0 


ax" -- ae +... +a, = 0. 
The two forms of expression, the one in terms of the s’s and the 
other in terms of the a’s, are thus known from Brioschi’s paper of 
1857 (Hist., ti. pp. 216-217). The second, however, is really the 
simpler, and goes back to Faure (1855). 

Hagen’s result is still more manifestly Faure’s. 

In MacMahon’s note the order of thought is different, the 
development being the second of the above with the coefticients 
in non-determinant as well as determinant form. A note 
appended to it by Franklin leads back to the old way of obtain- 
ing the latter form by equatement of coefficients. 
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LODGE, A. (1883). 


[Note on the coefficients in a transformed equation. Messenger of 
Math., xii. pp. 178-179.] 


By putting « = y+h and ah+a, = 9, the equation 
ao” + naar + (n)aoe"* +.-- + on = 0, 
or (dp, Ay, Aq, ++ 3 a, ok Lf - 0, 


is transformed into one having 0 for the coefficient of the second 
term, the result in fact being 


ay” + nU,y" + (n)QUey" +... + Le oe 


where U, = (Gon Ole, oa ne Ly, 
ay 7 
= (a, Ay, Az, ++ +> An ; =e) : 
i 2 hy 


Lodge considers it worth while to express the latter form of U, as 
a determinant, performing the substitution h = —a,/a) by solving 
for U, the set of equations 


ah” + ra,h"-* + (r)aoh"—* +... sar ra, h +a, = U, 
Ah” + ah" =a 
ah" + a,h"-* =" 
ah +a, = 0 
with the result 
(r—1)ay (Tr) (7)343 VOp a Oy 
rl Boy uate 
Ue =a (—ay)"-1 . A ay 
ie = 6a A ay 


SYLVESTER, J. J.: FRANKLIN, F. (1883). 
[On Crocchi’s theorem. Johns Hopkins Uw. Crrc., li. pp. 2, 24.] 


The theorem so called is one of those of 1879 (Hist., ii. pp. 246-7) ; 
but determinants are not used. 
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MARCHAND, . (1883): STUDNICKA, F. J. (1884). 


[Note sur la maniére d’écrire (x--h)” sous forme de determinant. 
Journ. de Math. Spéc., (2) vii. pp. 248-250.] 
, Vv 
[Uloha 22. Casopis pro péstovant math. a fys., xiii. pp. 149, 279-281. ] 
The kind of determinant used in the first paper can, through 


multiplication by h, be made a persymmetric recurrent, the identity 
given being in effect 


ree eal 
ha li Sipe 8 ‘ ae 
hot hn ho —1 . ..., | = Alat+h) 


ha? he? hn h —1 
whee Aten Shee eee 
Studnitka’s result is Pincherle’s rediscovery of 1881. (See 
above, p. 226.) 


JEZEK, O. (1884). 


[Ueber das formale Bildungsgesetz der Coefficienten des Quotienten 
zweier Potenzreihen. Svtzungsb....Ges. d. Wiss. (Prag), 
pp. 127-144.] 

A useful account (pp. 135-139) of the subject, but with insuf- 
ficient reference to previous workers, for example, Faure (1855), 
Brioschi (1858), Glaisher (1879). It is preceded (pp. 127-134) by 
a reinvestigation of the formulae for the evaluation of the four well- 
known recurrents that connect the simpler symmetric functions ; 
and is followed (pp. 140-144) by three tables giving a limited number 
of the results of such evaluations. 


GLAISHER, J. W. L. (1884). 


[Application of Mébius’s theorem on the reversion of certain series. 
Philos. Magazine, (5) xviii. pp. 518-540. ] 

Hight pages of this (pp. 531-539) are devoted to determinant 
expressions for the sum of the 7" powers of the divisors of an integer, 
the sum of the 7 powers of the uneven divisors, and so forth. 
These expressions are even less attractive and less promising than 
those connected with partitions which the same author gave with a 
caution in 1879. 


O71 
G2 


o3 
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CROCCHI, L. (1885). 
[Question 52. Giornale di Mat., xxii. p. 33.] 


The interesting result here given is that 


—l 
Ce : des = nt —n,(n—1)"*" + no(n—2)"*" —.... 


: ares coy 
where op = 174+ 2°+3?+...+. No proof appears to have 
been elicited. 

It may be well to draw attention to the fact that the determinant 


is essentially positive. 


STUDNICKA, F. J. (1886). 


[O novém neodvislém vyjadrent isel Bernujskkych a o vlastnostech 
pYislu8ného determinantu. Casopis pro pestovdnt math. a fys. 
xv. pp. 97-102. ] 

[O nejjednodussim odvozeni soutinitelf tady, p¥evratnou hodnotu 
polynomu stupn’ n-tého ojedné prom&nné predstavujict. 
Casopis pro pestovant math. a fys., xv. pp. 170-178. ] 

The result in the first paper is Hammond’s of 1875. The second 
paper obtains in the original way the simpler of Bruno’s redis- 
covered results of 1883 and gives easy illustrations. (Hvst., ii. pp. 
232-233 ; iv. p. 229.) 


DICKSTEIN, 8. (1886). 


[O niektérych wtasnosciach funkcy} alef. Pamietnk Akad... . 
w Krakowie, xu. pp. 35-40.] 


[O twierdzeniu Crocchiego. Pamietmk Akad... .w Krakowve, xi. 
pp. 41-44.] 
[Dowéd dwéch wzordw Wronskiego. Pamietmk Akad... .w 


Krakowie, xu. pp. 87-92.] 
The second and third of these notes, like the first, concern the 


aleph functions. Nothing fresh regarding the determinant forms of 
the functions is brought forward. 
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GORDON, A. (1887). 
[Question 9016. Educ. Times, xl. p. 1385; or Math. from Educ. 
Times, lix. pp. 78-79.] 
An old result (see above, p. 225). 


MACKENZIE,* J. L. (1887). 

[A theorem in algebra. Proceed. Edinburgh Math. Soc., v. pp. 59-61. ] 
In illustrating the solution of a problem in the construction of 
equations, the simple example is given that, if the s,, s.,..., s, of 
an equation of the n'* degree be known, the equation is obtained 

by eliminating the a’s from 
Ca Oe a2... oe 
8, +a, =U 
Sg +48, + 2a, 


I 
° 


I 
° 


In other instances where the conditions are more complex but 
where the resulting determinants are still recurrents evaluation is 
carried out. 


LAISANT, ©. A. (1889). 


(Sur un déterminant remarquable. Bull. Soc. Math. de France, xvii. 
pp. 104-107.] 


The determinant is Spottiswoode’s of 1853, representing a binary 
quantic (Hvst., ii. p. 211). Laisant makes an addition regarding the 
differential-coefficients of the quantic. 


DUPUIS, N. F. (1889). 


[Expression of the general Bernoullian number as a combinational 
determinant. Proceed. and Tr. R. Soc. Canada, vii. (3) pp. 
20-21.] 

The expression is essentially the same as one of Nagelsbach’s of 

1874 (Hist., ui. p. 232), the full equivalence of the two resting cn 

the curious fact that the multiplication of 


*Same writer as McKenzie in Educ. Times. 
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1 (3). - 

3 (5)2 (Sa - 
5B (Ts (7a ()e 
T (92 (9a (Pe 


by 22"-2 is effected by changing the first column into 
Tos 0; See 


GUBLER, E. (1890). 


[Ueber eine Determinante, welche bei der Berechnung symmetri- 
scher Funktionen vorkommt. Véierteljahrschrift d. naturf. Ges. 
(Ziirich), xxxv. pp. 79-8?.] 


The result here given is 


(m+2), 1 ; Meri ee 
(m+4). (m+4), 1 ee Saks (m+2n)(m+n—I1)! 


(m+6), (m+6). (m+6), 1 .... . m!\n! 
the evaluation being reached by repeatedly lowering the grade of 
the determinant and removing a factor. 


DUPORCQ, E. (1890); TEIXEIRA, J. P. (1893). 


[Sur la somme des puissances semblables des » premiers nombres. 
Nouv. Annales de Math., (3) ix. pp. 594-595 ; Periodico di Mat., 
vi. pp. 97-98. ] 
[Sur les nombres Bernoulliens. Jorn. de Sci. Math. . . . (Lisboa) 
(2) ii. pp. 73-75.] 
The result in the first paper here is 
1" +2" +3" +...+(2—l1)" 


= (ality eel (VK) 
eee wad ; 
e 1 (3), (de 
| aw 1 (4), (4)o (4)s 


and obvious use is made of it for the same purpose as that of the 
second paper. In neither case is there any fresh outcome. 
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SCHENDEL, L. (1891). 


[Mathematische Miscellen. Zeitschrift f. Math. u. Phys., Xxxvi. 
pp. 302-308. ] 


What is here given is a not very helpful way of stating Faure’s 
result of 1855 regarding the partial quotient of 


Gy Cee 1 DY Opt = ag eo, 


and a still less helpful way of expressing the remainder. 


GAMBIOLI, D. (1891). 


[Sopra alcune relazioni fra le funzioni simmetriche e sopra par- 
ticolari loro caratteri invariantivi. Giornale di Mat., xxix. 
pp. 41-60.] 

[Sopra lo sviluppo secondo le potenze crescenti di x della frazione 
If(a+a,a+...+0,2") ove 6 dy = 1. Giornale di Mat., 
Xxx. pp. 35-39.] 

The first paper deals at great length with the relations between 
the three sets of functions, the c’s and the s’s and the alephs; but 
so far at least as the six determinants are concerned gives nothing 
new. The latter remark applies also to the other paper. (See Hist., 
lll. pp. 246-247.) 

The second part of the subject is continued in the same journal, 
vol. xxx., pp. 192-206. 


MARTONE, M. (1891). 
[Le funzioni Alef di Hoéne Wronski. 20 pp. Catanzaro. | 

This is an attempt to construct a theory of a subsection of algebra 
with a view to making better known the merits of Wronski. In 
regard to the related determinants nothing new is brought forward, 
but the pamphlet has the merit of being a clearly-written 
compendium. 

ESCHERICH, G. v. (1892). 
[Bestimmung einer Determinante. Monatshefte f. Math. u. Phys., 
i. pp. 19-20.] 


The determinant referred to differs from Spottiswoode’s special 
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recurrent of 1853 in having the a’s all different and the y’s all dif- 
ferent : for example, 


a —Y, . : = OE Dols 
6 FU 9st gs by; Lats 
¢ : Le = =—Y3 +CY1YoX3 
d L3 +dyyYoYs- 


SEGAR, H. W. (1892). 


[On the multinomial determinant. Messenger of Math., (2) xxi. 
pp. 177-188. ] 


The fundamental theorem here is that if 
(a) tae +a? +..." = (Ay + Ayv + Anz? +...)™ 


then 
A fk ara NA, —™MAg 
"rtm" |2na, (n—m)a, —2mdy 
3naz (2n—m)a, (n—2m)a, —3MAg 


dna, (3n—m)a, (2n—2m)a, (n—3m) a, 
We must note, however, that it is essentially included in David’s 
of 1882, as may be seen on extracting the m' root of both sides of 
the given equality and distributing the divisor m” over the rows, 
one m to each row. On the other hand, it is much more readily 
seen to include David’s, which is got from it by merely putting m 
equal to 1. 
In illustrations and deductions the author is very fertile. From 
the equality 


(i244 - " Ma = (1 pete pot att ae me 


he derives 


(—)"| n n 
oO! 1 . ae .-¢ ha = ol K, = l 
2n n+l 2n n—l 
4 cole 2 che saue qy Ee = ae EK, a, 
3n Qn+1 n+2 3n 2n—1 V2 
Gi une! je ee gt Bs 4! BE, ay Bn 
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with, of course, a companion derived from the equality 
me aoe a i aay 1B e 
(4ytgt-...)° = (maa ot ates hatte 


By means of similar determinants he Bae expressions for 


ar sin & 
4a er oe 


for the first n + 1 hk 2 


CXP (A +a,¢+0.72+ ...), 1... , 
sal for the zonal and tesseral harmonics. His second section he 
bases on a similar expression for 


d’ 
at fy, 
and in his third section he pee in like manner with 


REICH, K. (1892). 


[Zur Theorie der quadratischen Reste. Archiv d. Math. u. Phys., 
(2) xi. pp. 176-192. ] 
Incidentally here there are evaluated several recurrents, the main 
two of which are specially interesting, namely, 
Apiquse Zsatte 
(Bj) Leer es | 
Oe) laos. 
(Oe 3)s eG) les 


n 


and the one differing from this merely in having no negative ele- 
ments. Calling the former R,, and the latter S,,, the author shows 


that 
(2n+1)R, = (4n—3)(4n—1)R,1, 


whence R, = (2n+8)(2n+5)....(4n—1): 
and similarly that 
(2n—1)8, = —(4n—5)(4n—3)S8,_1, 


whence Sp = (—1)"-1(2n+1)(2n+38).... (4n—3). 
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SEGAR, H. W. (1892). 
(See under this heading in Chap. XIII.) 


SAALSCHUTZ, L. (1892, 1893). 


[Kettenbriiche, Bernoulli’sche Zahlen und Determinanten. Bericht 
_.. d. phys.-6kon Ges. (Kénigsberg), 1892, pp. 44-47.] 


[Vorlesungen iiber die Bernoulli’schen Zahlen,.... vill. +208 pp. 
Berlin. ] 


The first of these devotes a page or so to ‘ the formation of deter- 
minants which can be evaluated with the help of Bernoulli’s num- 
bers.’ This, however, is really not anything different from what we 
have seen others call ‘expressing Bernoulli’s numbers by means of 
a determinant.’ As the recurrent which is reached involves a 
variable, a variety of such expressions is available. 

The Lectures include these results, and, of course, much else 
unconnected with determinants. 


CALDARERA, G. (1893). 


[Sviluppo di un determinante particolare ad n variabili. Ati dell’ 
Accad. Gioenia . . . (Catania), (4) vii., no. 8, 15 pp.] 

The determinant here is the persymmetric recurrent of Brioschi 
(1858) and Trudi (1862). By the method employed the evaluation 
of the six-line instance occupies two pages. (Hist., iii. pp. 208-209 
and p. 214.) 


HAUSSNER, R. (1894). 


[Independente Darstellung der Bernoulli’schen und Euler’schen 
Zahlen durch Determinanten. Zeitschrift f. Math. u. Phys., 
xxxix. pp. 183-188. ] 


This may be viewed as a determinantal appendix to the author’s 
lengthy paper * of the previous year on the general theory »f Ber- 
noulli’s numbers. The main results, however, which he gives date 
back at least to 1875 (Hammond). 


* Nachrichten... Ges. d. Wiss. (Gottingen), 1893, pp. 777-809. 
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VERNIER, P. (1895): JAMET, V. (1898). 
[Question 448. L’Intermédiaire des Math., ii. p. 15; ui. pp. 162- 
163.] 
[Sur la division des polynémes entiers. Annales... Fac. des Sci. 
(Marseilles), viii. pp. 151-161.] 


In neither of these is there anything of fresh interest. The result 
in the first is a determinant expression for (4+)” and included in 
Pincherle’s rediscovery of 1881 (see above, p. 226). The subject of 
the second is that dealt with by Faure (1885) and his successors, 
to some of whom only a few pages back considerable space has 
been granted. (See above, p. 229.) 


STUDNICKA, F. J. (1897). 
(See under this heading in Chap. VI.) 


MANGEOT, S. (1897). 


[Sur un mode de développement en série des fonctions algébriques 
explicites. Annales de Ec. Norm., (3) xiv. pp. 247-250.] 


The form of the function here in effect developed is 
{fi(e)}™{fo(a)}m . . . (f(x) }™, 
and as examples there are given 


1 GaP Gs G, 


(ag t+a,r7+agx?+ ...)-t = ass pee Fe 3a oer 
where 
G, = 2a, do 4 ae panies 
4a, 3a, 2a 
6a 5a, 4a, 
(2n—2)Qy-1 (2N—3)dn_. (2n—4)a,_, .... (n—1)d, 
Ny (W—Nag joo (= 2)ap2 5) beck os ay 
and 


— H H H 
(ay Fae tagt.. b= Vat port? a pga talaga 


240 HISTORY OF THE THEORY OF DETERMINANTS 


where 
H, = la, 2g 
2A 30, Atty 
303 45 5a, 
(n—1)an_y NOn_9 (n-eljaag =) el Anz) ay 
Nn (n—l)an_y (M—2)dn2 ---- la, 


It must be noted that G,, differs markedly in form from that 
obtained by Faure (1855), and that there thus arises a very curious 
equality. 

BOURLET, C. (1897). 


(Sur un déterminant remarquable. Nouv. Annales de Math., (3) xvi. 


pp. 369-373. ] 
To include the result 

mld —N ; 
m—l)la, 2~—(n—l) te 
n—2)lag . o —(n—2).... 
Latte th ea at i = n! (apx"+a,2"-14 ... +n), 
2\ dae os : : wees 2 

hea : ; : eee —&—l 

Gn ‘ : ' ERE ee 


and Laisant’s (so-called) of 1889, a generalisation is here made, 
which for the 4" order is 
ae ay dy lg 
—B, Bit—-yr yit—o, 0,@ 
—B, Bot—y2 Yyot—d, dor 
—Bs Bst—ys Yst—ds dy 


= | Byy283 | «(Apx? +442? + Agr +s). 


CAZZANIGA, T. (1898). 


[Sul caleulo di qualche determinante numerico. Giornale di Mat., 
Xxxvi. pp. 362-367. ] 

Note is here made that Mangeot’s developments being sometimes 
obtainable otherwise, the values of his determinants in such cases 
may be known: for example, when Grp litle hiss OG. er eece 
1, (—1)"*4 respectively. 
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LAISANT, C. A. (1898). 
[Application géométrique d’une proposition d’algébre. Assoc. frane. 
pour Vavancem. des sci. ti. pp. 73-76.] 


The proposition referred to concerns the recurrent 


Jee” a as ; 

Dy a2) Tom 7? F eee 
afe-s) fee 2) es) 5 ee © we 
oe eee ae Sheed ihe eel ae 5 n> 


which is independent of « when f(x) is of the same degree as the 
determinant. 


CHAPTER IX. 
WRONSKIANS, FROM 1880 TO 1899. 


CoNSIDERABLY increased interest under this heading has to be 
reported, the number of writings being threefold the number for the 
period of the preceding volume. 


CASORATI, F. (1880). 


[Il calcolo delle differenze finite interpretato ed accresciuto di nuovi 
teoremi.... Annali di Mat., (2) x. pp. 10-45, 154-157.) 


The second chapter (pp. 19-22) of this interesting memoir is 
occupied with the subject of linearly-related functions of a complex 
variable, the theorem arrived at being that the necessary and suf- 
ficient condition for y, Yo, - ++» Yn being connected by a linear homo- 
geneous relation with ‘ monotropic ’ coefficients is 


va ye s:8h ce Yn 
Ky, Bygk see kee, a0 
ey, Kr-1y, ine Rey. 


As the operator E is equivalent to 1+-A, we may put the condition 
also in the form 


Wy Yo ea Yn 
Ay, Aya os Sa Oe, 0, 
Ay A Ye os pe oa 


which perhaps makes more readily evident the nature of the generali- 
zation effected. In regard to the proof we need only note that the 
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less easy part of it,—the deduction of the relation from the vanishing 
of the determinant,—is accomplished by establishing first the case 
where 7 is 2, and then using Hermite’s condensation-theorem of 1849 
to make any one case dependent on the case before it. 


BURNSIDE, W. 8S. anp PANTON, A. W. (1881). 
[The Theory of Equations,... xvi.+387 pp. Dublin. } 


The easily generalizable result on p. 259 may be worth noting 
namely, 
low indPicu—a* 


W (0,2 +-3a527+3a5v+a4, be8+..., c¢8+...) = —18 


MALET, J. C. (1882). 
[Question 7008. Hduc. Times, xxxv. p. 105: Math. from Educ. 
Times, xxxvii. pp. 119-120.] 
The result established here is that if 
GY1 + CxY2, C3Y3 + CaYa 
be the solutions of 
oY 4 Py ae oY + y Fa 

respectively, then 

WY, Ya Ys: Ys) = (P — Q)® x constant. 


MANSION, P. (1884). 


[Rapport sur la ‘‘ Démonstration élémentaire de la loi supréme de 
Wronski” par C. Lagrange. Bulletin... Acad. roy. de Bel- 
gique, (3) vii. pp. 165-172.] 

The report regarding the demonstration is itself interesting, and 
especially when read along with Cayley’s proof of 1872 (Hvst., iii. 
pp. 249-250) ; it is, however, a theorem contained in an appended 
‘Note’ that really calls for record. In effect this is that 2f in the 
triangular array 
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x VA Z u V 
Vx) oy Det 
Zg Ug Ve 
Ug V3 
V4 


the elements of the first row be mutually independent functions of t, 
and any other element be got by dividing the derivate of the element 
above it in the immediately preceding row by the derivate of the first 
element of that row, then each derived element is expressible as the 
quotient of two wronskians of the derivates of elements of the first row. 
By merely performing the requisite operations it is readily found that 
shag prepa es Wa’, 2’) W2',w’) We’, v’) 
eles Be @.y) We,yy Wey) 
and supposing that in the same way 
W(x’, y’,u’) We’, y', v’) 
Wa’, 2) Wr’, y', 2) 
Mansion shows, as follows, that 
one W(a', y’, 2’, v') 
4 Wa’, yo’, 2, wv’) 
For the wronskians that express 23, Vs he uses temporarily U, V, R 
and thus has 


Us) U3 = 


(u,)’ = RU’ — UR’ (v,)' = RV’ = VR’ 
R2 2 3 R2 : 
and consequently by definition 
$s RV’ — VR’ 
‘~ RU’ — URS 
But 
oy ee oP a ee hae) ae iba Sh 
RV’ — VR’ = e Ys Ean id ce y AN een eee y ee Wane yl" 
af a aa is his eee amt aa 


av Y z Vv a Y 
ll! yl" wr ve 
iv y* giv qv 


= W(v', 2,0): W(2', y'): 
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and similarly 
RU’ — UR’ = W(e’, 9’, 2’, wu’). W( 2", y’). 
By division there is thus obtained 
% = Wa’, y’, 2’, o')[W(a', y', 2, uv’) 


as desired. 


STARKOFF, A. (1884). 
[Two formulae in the theory of determinants (in Russian). Annals 
Univ. Kasan., iii. pp. 175-179.] 
The first is the old theorem included in Schweins’ of 1825 


(Hist., i. p. 484) regarding the differentiation of a wronskian; 
and the second which concerns the differentiation of 


WG = Soma Ymas)/W (Yi, - + +> Yrs Ym)» 
is also already known, being included in a theorem of Frobenius 
of 1873 (Hist., iii. p. 252). 


DICKSTEIN, S. (1888, 1897). 


[Wlasnosci i niektore zastosowania wronskianéw. Prace math.-fiz., 
1. pp. 5-25.] 
[Propriedades y algunas relaciones de las wronskianas. Archivo de 
Mat., it. pp. 102-108, 128-132, 141-145. ] 

What we have here is just such a methodical exposition of the 
main known properties as would suitably fill the place of a chapter 
of a largish text-book of determinants. The second paper is a 
translation of the first. 


PEANO, G. (1889). 

[Sur le déterminant Wronskien. Mathesis, ix. pp. 75-76, 110-112.] 
The subject here is the inaccuracy of the usual form of the theorem 
regarding the vanishing of a Wronskian,—a theorem first referred 
to by us under Puiseux (1851). One of the examples given as 


sufficient disproof is 
W (a?, «mod z). 


246 HISTORY OF THE THEORY OF DETERMINANTS 


Peano would accept as a substitute the proposition : If 


W(yi; Ya +++» Ya) 
vanishes identically, so also does the determinant of the array got by 
giving any n values to the independent variable im Y1; Ya. +++» Yu: 


He is apparently unaware of Christoffel’s enunciation of 1857 (Hzst., 
ii. pp. 225-228). 


KONIGSBERGER, L. (1889). 


(Ueber eine Determinantenbeziehung in der Theorie der Differential- 
gleichungen. Crelle’s Journ., ev. pp. 170-179. ] 


The subject here is the successive differentiation of a Wronskian, 
Wy1; Yo. ++ > Ynsi)) As the y’s are the same throughout, it suffices 
to specify only the differentiations, W being thus denoted by 


Ue Pe ee n|. 
We then readily obtain 


=O 1, 2 ow 1, ne 1, 


=: | Dicoky inate Mise oats n+1|+]0, 1, « ee gttce bitdig 
as} Os ud, ee ay The Dy Ih me, AM, m+1)+2)0, 1, .. 55 %— 2, mea 
ke | Ov Loti, n—'l, noe 


and foresee with the author what the succeeding differentiations 
will bring, although the statement of the general result may be 
difficult to put concisely. 


DEMOULIN, A. (1889, 1897): NEUBERG, J. (1894). 
[Remarque sur une propriété fondamentale des Wronskiens. 
Mathesis, ix. p. 136.] 

[Démonstration de la propriété fondamentale des Wronskiens. 
Mathesis, (2) vil. pp. 62-63.] 

[Sur les Wronskiens. Mathesis, (2) tv. p. 165.] 


These concern an already known property dealt with by Chris- 
tofiel and Frobenius. 
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SEGAR, H. W. (1891). 
[A theorem in determinants. Messenger of Math., (2) xx. pp. 141-142.] 


The theorem is that ¢f f(t) be a rational integral algebrarcal expres- 
sron of the n* degree, then 


Te t t? 

{(t) f(t) E(t) ey 
D2 i D2 t D2 t? n!(n—1)!(n—2)! 

f(t) f(t) f(t) (ieee 
pee gt ze 

f(t) (Dae gatalit) 


It is reached by investigating the case of Borchardt’s theorem of 
1855 (Hist., 11. pp. 173-175) where t, =t, =... =t, =t. We have 
inserted the necessary sign-factor. 


LAURENT, H. (1888): MARTONE, M. (1891): 
ECHOLS, W. H. (1893). 

[Série de Wronski. T'racté d’ Analyse, iii. pp. 352-356. ] 
[I determinanti Wronskianie la legge suprema. 41 pp. Catanzaro.] 
[Wronski’s expansion. Bull. New York Math. Soc., ii. pp. 178-184.] 

The third writer throws some light on the constitution of the 
coefficients of the expansion and of the determinants involved in 
the same: but the paper has considerable additional interest in 
being a short, sane and fair account of the whole of Wronski’s 
mathematical work. 

Martone’s pamphlet I have not seen. 


TORELLI, G. (1893). 
[Sui determinanti di funzioni. Rendic. del Circolo Mat., vii. 
pp. 75-84.] 
Keeping in view his generalization regarding Jacobians, Torelli 
takes into consideration the corresponding Wronskian 
Wilayoseugoy; = 6. 5°24); 
but only for the case where the w’s are all powers of a common 
function, and even then only deals with the question of the divisi- 
bility of the Wronskian by a power of the said common function. 
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LECORNU, L. (1894). 


[Sur les déterminants wronskiens. Assoc. rang... . (Caen), xxiil. 
pp. 282-285. ] 

The author here replies to a criticism made by Peano (Jnter- 
médiaire des Math., i. pp. 12-13, 157-158) on similar lines to those 
above indicated (pp. 245-246), the object being not to refute utterly 
but to minimize. 


GREVY, A. (1894.) 


[Etude sur les équations fonctionnelles. Annales scv. de U Ec. Norm. 
Sup., (3) xi. pp. 249-323. ] 

As the solutions of functional equations have in form an analogy 
with the solutions of linear differential equations, and the analogy 
continues to persist when the relations between the solutions come 
to be studied, one is prepared for the appearance also of an analogue 
to the Wronskian. On this account a reference to Chap. VI. (pp. 
301-317) of Grévy’s extensive memoir is considered desirable. 


BORTOLOTTI, E. (1896). 
(Sui determinanti di funzioni nel calcolo alle differenze finite. 
Rendic. ... Accad. dei Lincet, (5) v. (1) pp. 254-261.] 
Being aware of the study of the properties of W(y,, .--> Yns) 


the author here thinks to take a fresh step by investigating the 
properties of 


Yi Yo eae) Yn 
A AYs. oie Ouse 
An-ty, At-ly, ... Ar-ly, 


not knowing, apparently, of Casorati’s work of 1880, or that even 
Wronski began with finite differences and was led to differentials 
later. His aim clearly is to discover theorems regarding V corre- 
sponding to those regarding W: indeed Frobenius’ paper of 1873 
on Wronskians is kept steadily before him as a source of suggestion 
and as a model. He thus begins with 


VQYY1s YY + +s YYn) = Yr Hy. Bey... Er ty. V(yy, Yo, - + -> Yn) 
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where H is the operation 1 + A; passes on to 


V (ay, Me, WOE URS 0) sR) ay) 
My AV.) 4; 2), Vin, ..-, Ugnaa ate Vy eee ane) | 
EV(u,, ..., Uy)-EPV(uy, ..., uy)... IV (u, ..., %) i 


and then deals with the set of functions defined by 


Gee LN Gy aes Via> Yeas 3s Yn)bVYrs + +s Yn)s 
justifying the application of the name adjunct to the set, and estab- 
lishing results which differ from their analogues merely in having 


V for W. 
PINCHERLE, 8. (1897). 


[Sulla generalizzazione della proprieta del determinante Wron- 
skiano. Atti... Accad. dei Lincei... Rendic. (5) vi. (1) 
pp. 301-307. ] 


From a study of the proofs of the various known condition- 
theorems regarding linearly-related functions the author here notes 
that in each case the operator prominently involved (d/dz, A, S8) 
besides being distributive admits of a common type of multiplica- 
tion-theorem. He thereupon takes advantage of the opening thus 
suggested towards generalization, and succeeds in showing that a 
more general operator than d/dz may be substituted in the original 
theorem regarding the Wronskian, and likewise a more general 
operator than § in Grévy’s theorem. The combined result put in 
one enunciation is to the effect that if any operator O which admits 
of the said form of multiplication-theorem take the place of d/dx 
in the Wronskian, the coefficients in the linear relation have to be 
altered to ‘ coefficients periodic in O.’ 


PEANO, G. (1897): VIVANTI, G. (1898). 


[Sul determinante Wronskiano. Altz... Accad. der Lincei... 
Rendic., (5) vi. (1) pp. 418-415; vu. (1) pp. 194-197.] 
After again restating his objection of 1889, Peano substitutes the 
theorem that af for all the values of the independent variable belonging 
to a certain interval the Wronskian vanishes, and no value within the 
said interval causes the cofactors of all the elements of the last row of 
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the Wronskian to vanish, then there exists between the functions a 
homogeneous linear relation with coefficients that are constant and not 
all zero. The proof given is unnecessarily far-fetched and is not 
strictly determinantal. 

The object of Vivanti’s paper is to supply a proof not open to 
this objection. There is also given in it a variant form of the 
theorem. 


BORTOLOTTI, E. (1898). 


[Sulla generalizzazione della proprieta del determinante Wron- 
skiano. Atti... Accad. dei, Lincei... Rendic., (5) vil. (1) 
pp. 45-50. ] 


It is here sought to improve on Pincherle’s result of the preceding 
year, and with the help of several preparatory lemmas proof is given 
that if $1, po, +++ 5 pn be analytic functions having a common domain 
of convergence, and O be a functional operation that is distributive and 
uniquely determinate, the necessary and sufficient condition for the 
functions being connected by a linear homogeneous relation with 
coefficients constant with respect to O 1s 


| >,- Od, - O73 jack Ste OrI¢,, | = 0. 


STUDNICKA, F. J. (1899). 


[Ueber eine neue Art von Derivations-Determinanten. Monats- 
hefte f. Math. u. Phys., x. pp. 338-342. ] 


This is again a rediscovery, the determinant referred to being 
Sylvester’s persymmetric Wronskian of 1862. Several special 
functions of « are taken in succession as the basic function—the 
(1, 1)" element—and evaluation effected. Of these the interesting 


one is «~-™, in connection with which the author is led to the result 
n 


—1 
P(1, a4, ata, ..., amd) = dT kt ati, 


k=1 
where there is put 


atid for a(a+d)(a+2d)... {a+(k—1)d}. 


The paper seems to be a second edition of the third part of a 
paper published in Czech in 1898 (Véstnik Ceské Akad... . vii. 
pp. 477-493). 


CHAPTER X. 
JACOBIANS, FROM 1880 TO 1899, 


Tuts is one of the very few special forms which in the period under 
review received less attention than in the preceding period, the 
number of papers being about a third fewer. 


BRUNO, F. FAA DI (1880). 


[Notes on modern algebra. 3. Sur une propriété du Jacobien. 
American Journ. of Math., iii. pp. 154-163.] 
[Trois notes sur la théorie des formes : 2. Sur le Jacobien des formes 
binaires. Math. Annalen, xviii. pp. (280-288) 283-286. ] 

The third note is occupied with a proof of a theorem of Clebsch’s, 
namely, that the square of the Jacobian of two binary quantics is a 
homogeneous quadratic function of the quantics. In the main the proof 
depends on Euler’s theorems regarding the differentiation of homo- 
geneous functions. The given quantics, w and v, being of the m‘” 
and n degrees respectively, we have 


se ae alae eal Utentie Hashes bean exits 
Vy Vy LVee + Yay + Ve Way + YVyy + Vy 
Cr, WU Deeley Wily 
= 72 A ec) + y? 
Vee Vay we  Vyy Vay yy 
Laer tts te ey age Wy Le, 
=e +4 sll 
Dan Vy Ud Vs Vny Vy OP ae 
Un Uy Uny Uny 
ie + Ye 
Uy, Vy Voy Vay 
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so that the three-line determinant here is equal to (m—1)(n—1)J. 
It only then remains to multiply this determinant by 


a Jey yy? 
Uyy —SUay Una 
Vyy —Weyy Vee 


when we obtain for — 2(m—1)?(n—1)2J? an axisymmetric deter- 
minant having for its first row 

0 m(m—l)u n(n—l)v 
and therefore being of the form desired. 


GILBERT, PH. (1880). 


[Sur une propriété de la fonction de Poisson, . . . - Comptes Rendus 
... Acad. des Sci. (Paris), xci. pp. 541-544. ] 


All that need be said in regard to this is that for the statement 


of the property in question the use of secondary minors of a Jacobian 
is essential. 


PAIGE, C. LE (1881). 


[Sur le déterminant fonctionnel d’un nombre quelconque de formes 
binaires. Comptes Rendus... Acad. des Sci. (Paris), xcil. 
pp. 688-690: Bull.... Acad... .de Belgique, (3) i. pp. 490- 
499, 461-462. ] 

Le Paige’s subject is the same as Bruno’s, and his method is quite 
similar, but in his hands Clebsch’s theorem is widely generalized.* 
Further, there is the interesting point that when the number of 
quantics is odd the determinant obtained for J? is zero-axial skew, 
and thus can have its root extracted. His two theorems are in effect: 

1. The square of the Jacobian of 2k binary quantics each of 
degree not less than 2k is a homogeneous quadratic function of the 


quantics, the coefficients of the function being sums of products of 
related covariants. 


* Readers specially interested in the algebra of quantics will find extensions by 
d’ Ovidio, Torelli, and Gerbaldi in 
Atti... Accad.... Torino, xiv. (1879) pp. 963-972 ; 
Rendic... Accad. ... Napoli, xxv. (1886) pp. 125-134 ; 
Giornale di Mat., xxvii. (1889) pp. 33-39. 
Connected also with the algebra of quantics is a paper by Giordano in 
Giornale di Mat., xxxv. (1897) pp. 349-353. 
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2. The Jacobian of 2k+-1 binary quantics each of degree not less 
than 2k-+-1 is a homogeneous linear function of the quantics, the 
coefficients of the function being sums of products of related covariants. 

By way of proof the second theorem is verified for the case where 
the quantics are 


U 22 Ady ,\.-. $2, 4)$, 
U == (bo; by, omens Ya, y)*, 
OD) == (ay, (Gig a G6 Ga, y)*. 


In regard to this, however, it has to be pointed out that the serious 
work of squaring the multiple 


y (Opp patent Y) eh ( Og, ania y)ty © Coan Cy 
yr (ay, ... fayy)® (br, »-. Sayy)® oye + cay 
yx (a2, he Qa, y)° (b2, cathe Ye, y)? Ch -- C3Y 


a) (hs, «22 00, Y) (Oy, @. . 02, Y)2 a) tele Cy 
of the Jacobian is not at all necessary, as the operation 
x col, + 3x?ycol, + 3xy?col, + col, 
performed on this determinant changes the first column into 
0, wu, v;, Ww. 


PASCH, M. (1881). 
[Notiz iiber ternire Formen mit verschwindender Functional- 
determinante. Math. Annalen, xviii. pp. 93-94.] 


The result here is that if the quantics have no common factor 
and be of the n degree, there exists between them an irreducible 
equation of the » degree where y is a factor of n. 


MUIR, T. (1882). 


[Question 6961. Educ. Times, xxxv. pp. 25, 104: Math. from Educ. 
Times, xxxvii. pp. 58-59. ] 
In accordance with the fact that the Jacobian of the functions 


Y= — ay — bz — cu — do, 
Von 00% — e — fu — gu, 
Vz, = bx + ey —hu — ko, 
Vz, = cr + fy + he — lh, 


V; = dx+ gy + kz + lu 
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vanishes, it is shown that a relation exists between the functions, 


this being 


@ db Vz ioe 0: 
€ 


mot 


=~ 


sere & 
< 
i) 


JACOBI, C. G. J. (1884). 


[Vorlesungen iiber Dynamik. Zweite, revidirte Ausgabe. vill+ 
300 pp. (Gesammelte Werke, Supplementband.)] 


The thirteenth lecture (pp. 100-106) concerns those properties of 
the Jacobian which are familiar in the special case of the ordinary 
differential-coefficient. 

It must be noted that the first edition appeared in 1866, and that 
the lectures were originally delivered in 1842-3. 


KRAUS, L. (1884). 


[Ueber Functionaldeterminanten. Sitzwngsb.... Akad. d. Wass. 
(Wien), xc. pp. 813-826. ] 

The object here is to establish the following theorem and its 
converse: If the Jacobian of two binary quantics be a non-zero con- 
stant, then the independent variables are rational integral functions of 
the quantics. 


PEANO, G. (1884). 


[Caleolo Differenziale, e principii di calcolo integrale : (per Angelo 
Gennocchi), pubblicato con aggiunte dal Dr. Giuseppe Peano. 
xxx) +338 pp. Torino.] 


In giving Bertrand’s definition of a Jacobian (Hist., ii. pp. 237-238) 
we carefully left the burden of legitimizing it on the author. Here, 
on p. xxvii. of his Annotazioni, Peano pointedly draws attention to 
its inaccuracy. Taking the simplest case, namely, where the 
quotient to be considered is 


fi(a+h,, @+hy) — f(x, Xe) fo(ay+hy, te+hy) — fo(2,- x2) 
fila +h, Deths) — fi (41, 22)  fo(@,+hy, M2at+hy) — fo(c1, £2) 


hy fed 
ky ke 
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he points out that, if h, were taken equal to h, and k, equal to k,, 
the denominator would be permanently 0, whereas the numerator 
would not in general be so, and that therefore the quotient would 
not then tend to any limit at all. He adds, however, that his 
objection would not hold if the f’s were connected by a linear 
relation with constant coefficients, or were quotients of linear 
functions of the z’s and had a common denominator. 


MANSION, P. (1884). 

[Discours sur les travaux mathématiques de M. Eugéne-Charles 
Catalan : III. Déterminants et intégrales multiples. Mém.... 
Soc. roy. des Sci. (Liége), (2) xii. No. 1, 38 pp.] 

A statement of Catalan’s contributions to the subject, including 


a pronouncement (pp. 10-12) on a question of priority as between 
Catalan and Jacobi (Hvst., i. pp. 354-358.) 


STIELTJES, T. J. (1885). 
[Sur une généralisation de la série de Lagrange. Annales de I’Ec. 
norm. sup., (3) 1. pp. 93-98. ] 
In the present connection this is only interesting because the 
left-hand member of Lagrange’s equality in the form 


AB) Ge = Sin agall@)ONG) 


where X = x + a¢(z), is extended to 
OLNEY og See) 
OGnY, eee) 
BerGnA oa od ( X BV Lee), Vee yt Xs Y;> Zs).2), 
Lime OX (AS Ye...) CLC; 


FERRYe Lite) 


PEANO, G. (1889). 


[Su d’una proposizione riferentesi ai determinanti jacobiani. 
Giornale di Mat., xxvii. pp. 226-228. ] 

Peano resumes here his criticism of Bertrand’s definition; and, 
besides supporting his former contention, offers three substitutes, 
the least geometrical being in effect : If u,, Us, us be, each of them, 
functions of X1, X2, Xz, and the determinant of the increments of the x’s be 
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h,t hot hgt 

his eon, tt 

h,’t” he tr het 
where the h’s are fixed quantities, and | hy hg’ h,” | 2s not zero, then 
the limit of the ratio of the dependent to the independent determinant 
of increments as t, t’, t” tend to zero is the Jacobian 


O(u,, Ug, Us)/0(X1, Xe, Xs) 


TEIXEIRA, F. G. (1890). 
(Extension d’un théoréme de Jacobi. Monatshefte f. Math. u. 
Phys., i. pp. 481-484.] 


The extension simply but carefully dealt with is included in 
Trzaska’s of 1871 (Hist., ui. p. 267). 


PRIME, F. (1892). 
(Sur un théoréme de Jacobi. Mathesvs, (2) ii. p. 227.] 


This in only a variant of §18 of the De determinantibus func- 
tionalibus (Hist., i. pp. 391-2). 


TORELLI, G. (1893). 


(Sui determinanti di funzioni. Rendic. del Circolo Mat., vii. 
pp. 75-84.] 

Torelli carries on Casorati’s work of 1874. Of his six theorems, 

all attended by corollaries, the first may be viewed as fundamental, 


the others being either direct deductions from it or analogues 
suggested by it. It is that 


J (yy, Ube, <r nln) 
Uy ge Risk ma Pee 
Us ie ay . . Ua 
: ee a ras 
= |Ouy Ot, On OL Ode Oey 
OX; O%; On; OX) "Or; "Cnty 
OU, Og Un OV, We On 


Odie Oba stb eo WEOLGOL:, Wate | Oy 
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where the determinant array is best looked at in quarters, two of 
which are the arrays of 


J ae ee (OME Us, 2),). 


When all the w’s are powers of a common function w, the order falls 
to the (n+1)", and a factor is separable ; also, further specialization 
leads to a case where the order falls to the n, the determinant 
factor being indeed the Jacobian of the v’s. 

The first analogue concerns the pre-jacobian 


GUO Ta ee UnVn), 


where the number of the u’s and of the v’s is now n+1, but the 
independent variables are the same as before. Similar specializa- 
tions are made. 

Like Casorati, Torelli also goes on to the Wronskian. 

We note for ourselves here a curious-looking equality, which for 
the sixth degree is 


—l 
eee a) Ga" [oe ee eN rete AG, A, Ag ay Az 3 
avis f = al =H lah, a Phe b; b, bs By Be Bs 
OS St Seat TA er n y Cima a Cama) TY cans |p 
b, bg bs By Be. Bs 
Cig pees nyt. UY2 2 V8 
both members being equal to 
la, +Aa, Ma,+ mag NA3 + Vaz 
Ib) + AB, mb, +B, nbs + Bs 
Icy +Ay1 Meg + py. Nes + vys 


JACOBI, ©. G. J. (1896). 
[Ueber die Functionaldeterminanten. Herausg. von P. Stickel. 
72 pp. Leipzig.] 
At the close of this translation of the De determinantibus func- 


tionalibus the editor appends 13 pages of useful notes. The volume 
belongs to the same series as that noted on pages 63 and 189 


above. 
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AUTONNE, L. (1897). 


(Sur un certain jacobien. Nouv. Annales de Math., (3) xvi. 
pp. 376-379. | 
The n functions here are 
(Gyo +4211 ++ - +4yn2n)| (Ao + 4o1%1 + - - « +AonLn)s 
(Gog +Aq%,+--- +-on%n)| (oo +01%1 + + - « +onZn)> 
(Ago +4510 1+ - - - +A gn2n) | (Ago +401%1 + «++ +4 gnfn); 


and their Jacobian is found to be 

| Goo 41422 + » + Gnn I] (Goo +@o1%1 + - - - +A ynLn)"*?. 
In the proof Chio’s condensation-theorem of 1853 (Hist., ii. p. £0) 
might have been used with effect. 


BERRY, A. (1898): CRAWFORD, L. (1899). 


[On the evaluation of a certain determinant which occurs in the 
mathematical theory of statistics and in that of elliptic geo- 
metry of any number of dimensions. Proceed. Cambridge 
Philos. Soc., x. pp. 2-10.] 

[On the evaluation of a certain determinant. Proceed. Edinburgh 

Math. Soc., xvii. pp. 25-27.] 

The determinant in question is the third in order of generation 
from a unit-axial axisymmetric determinant | 7,,|, the first being 
the adjugate |R,,|, the second |R;,| where Ry. = R,/V Ru Ry, 
and the third the Jacobian 

ai. Te, ae Ree 
O(n, 13> 229 fakite) 

the order of which is }n(m—1l). The peculiarity of Crawford’s 

treatment of the case where v is 3 lies in taking for the non-diagonal 

elements cos a, cos b, cos c, where a, 6, ¢ are the sides of a spherical 

triangle. Berry seeks the analogue of this in »-dimensional space, 

and attains a solution, the value found for the Jacobian being 
(—])#*0>). {| Tin |"~?/RypRoe . . « Ree} 

The main point of the procedure consists in showing that it is 

equal to 
(Rie, Ris, AAAS R,,-2, n-1) ee (Tins Tony ++ +9 Tr-1, n) 

Olin) 115014  o Taee naa) ee OU eee eee 


|a b 
i 


CHAPTER XI. 
SKEW DETERMINANTS AND PFAFFIANS, FROM 1880 TO 1899. 


THE subject of this chapter, quite unlike that of the preceding, 
shows a great advance in popularity, the number of writings for 
the twenty-year period having quite doubled. It is also worthy 
of note that the number of languages employed in them has more 
than doubled, there being now Italian, Russian, Polish, Czech in 
addition to English, German, French. 


ZAJACZKOWSKI, W. (1880). 


[O pewnéj wlasnosci pfafiana. Rozpravy... Akad... . Krakowie, 
vill. pp. 67-74. ] 
[A theorem relating to Pfaffians. Messenger of Math., x. pp. 36-37.] 


This is the identity given and verified by Tanner in support of 
his asserted theorem of 1878, and is the exact analogue of the 
determinant identity which in 1873-74 Muir called * ‘ extension of 
Laplace’s expansion-theorem ’—that is to say, it expresses the 
product of a Pfaffian and one of its own minors as a sum of products 
of pairs of minors. An example in the old notation is 


[UF 22.8 01 19;,.6, 7, 8] — (3, 4, 5, 6,7, 8] [1, 2, 5, 6,7, 8] 
ad [2, 4, 5, 6, ihe 8] ee 3, 5, 6, 7, 8] 
Teal esioe Os Ost ls | (ly 450, Oni eS], 


and another in later notation is 


cde|o=|j kl{-|ade|—|ghi|-|b de|+|fgi|-|e de 
g ht mn hia mn ot kl mn 
jg kl ) ) 7) ) n o|. 
mn 

0 


* Proceed. R. Soc. Edinburgh, viii. p. 23 ; Transac., xxix. pp. 47-51. 
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In Zajaczkowski’s proof the Pfaffian is viewed as the square root of 
a zero-axial skew determinant, Cayley having suggested that such 
a proof would be possible though difficult. 


GUNTHER, 8. (1880): LENGAUER, . (1880). 


[Ueber einen Satz von den symmetralen Determinanten. Blatter 
f. d. bairischen Gymn.-und-Realschulwesen, Xvi. pp. 310-314. ] 
[Zum Beweise des Cayley’schen Satzes von den symmetralen Deter- 
minanten. Blatter... , xvi. pp. 423-424. ] 


Both papers concern Cayley’s familiar theorem. By the first writer 
a six-line example is taken and, without altering the diagonal, is 
transformed so as to have zeros in the (2, 4)", (3, 4), (4, 5), (4, 6)", 
(3, 5), (5, 6) places and the places conjugate to these, the resulting 
determinant being thus expressible as the product of a pair of 3-line 
determinants which are found to differ at most in sign only. The 
second writer improves on the work of the first, but still further 
improvement is readily seen to be possible. And such is worth 
making, because of the fresh and instructive character of the 
procedure. 


MUIR, T. (1881). 


[On Professor Cayley’s theorem regarding a bordered skew sym- 
metric determinant. Quart. Journ. of Math., xviii. pp. 46-49.] 


Here the subject is for the first time treated independently of 
Jacobi’s ‘umbral’ notation, the variables, in whatever way they 
may be symbolized, being put in full evidence. It is also inci- 
dentally stated that a Pfaffian as thus written can be defined exactly 
after the manner in which a determinant is ordinarily defined, and 
that there thence can be developed a complete theory of the subject 
in perfect analogy with the theory of determinants. 

Start is made with the manifest identity 


ita b4+8 cty d+éd e+e} = | a bc. d.e(e-+- |@ By so 
1 g h a Pega ast ap Ry we 
9 k I a k 1 Jean 
m n mn m 
0 0 


OS 8S eu S22 
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or say 
Futrel ahs 

and both sides being squared, the determinant equivalents are sub- 
stituted for F2, f2, 62. Then, the substitute for F?, having a row 
and a column containing binomial elements, is partitioned into four 
determinants, when it is found that one is that substituted for yo 
one that substituted for 2, and that the other two are equal. There 
is thus at once obtained 


a 6b CG 0677 — | Gabe ede cle lias, Ole 
=o Le gl ee yy oe hEte agen’ 
—B —f 9 keel ga kl gy ket 
—y -§ —-J) ». mn mn mn 
—d —h —k —m 0 ) O|s 
—e —17 —l —n oO 


The bordering of the determinant with a row and column having 
zero for their common element indicates no want of generality, as 
the cofactor of the said common element is itself zero. Further, it 
is pointed out that on putting a, 8, y, 6, e= 0, 0, 0, 0, 1, we obtair 


Ce Cee aie Ne) Ob OP dee. || fg oh 

Ca eee fe is Lt SF Ge up eh 

bat figy coho) weak jemks mi, 
n—-9—j7 . m mn 

o —h —k —m 0 


which is the so-called second case. In it the one Pfaffian is a primary 
minor of the other, being, indeed, the Pfaffian of which the given 
four-line determinant is the square; and, if the first column of the 
determinant be removed to the last place, the arrays of the two 
Pfaffians are seen to be separated by the line of zeros. 


SYLVESTER, J. J. (1881-1889). 


[Questions 6795, 6826. Hduc. Times, xxxiv. pp. 217, 245; Math. 
from Educ. Times, xxxvi. pp. 97-98, 117-118.] 


Proof is here given that the series 
14+ 1-C,,+ 1-5C,.+ 1:5:9C,,+ .... 
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used in Sylvester’s previous paper on the subject is, when summed, 
divisible by 2”, the quotient being the determinant 


— — 
= Oo 


Seuss sees 
UO fees | OLS, Ue Baye 
Laer | 


Also that the greatest common factor of 0, and v,,, is 2", where & 
is the greatest integer in }(”+2). 


MUIR, T. (1881). 


[On new and recently discovered properties of certain symmetric 
determinants. Quart. Journ. of Math., xviii. pp. 166-177.] 


The product of two n-line Pfaffians is here (§ 12) expressed as a 
skew symmetric Pfaffian of the 2n order ; for example, 


| ay az a4|-|% Ly % 


Bs Ba Ys Ya 
V4 ort 
= dg+%, 3+ Qyt+X%, ay—Z a3—V3 a,—Xo 0 
Bstys Batys Ba-Ys Bs—Ys 0 Le—As 
Yat, Ya—% 0 Y3—83 Lg—s 
0 4— Va Ys—Ba Ly— Ay 
SMa Ye HB) Pe otdreg 
—Y3—B3 —X3—ag 
ep Oe 
and, conversely, 
| a, ds % Ms 4% ay 0 = | a,+a, asta, a,+4; 
by by bs be Oeilpatty by+b, by+bs 
Oi. Cey —be —M% Cates 
0 —Cr. —b; —Ads 
—t, —b, —a,| X|@g—a, a3—Gg m%—a, 
—b; —ds b,—b, by—b, 
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From the latter two deductions are made, namely, A skew sym- 


metric Pfaffian of odd order vanishes, and, A skew symmetric Pfaffian 
of even order is equal to the difference of two squares.* 


MUIR, T. (1881). 
[On skew determinants. Philos. Magazine, (5) xii. pp. 391-394.] 


The main result here is the representation of any determinant as a 


Pfaffian ; for example, 


| a,b.¢3| = | 2(d2—b;) $(43—C,) $(ag+c,) }$(a_+0,) ay 
2(b3—Ce) $(b3-+€2) bs (a +0,) 
C3 2(bs3+C2) 3(43+¢;) 
3(b3—C2) (43 —¢y) 
3(a4,—b;) 


It is obtained from a wider result by the same author giving an 
expression for the product of any two determinants of the n order 
as a determinant of the 2n™ order t (p. 12 above). From Brioschi’s 
result and the present it is deduced that an axisymmetric Pfaffian 
of the 2n” order 1s expressible as a Pfaffian of the n order: and there 
is the further deduction that the product of two axisymmetric Pfaffians 
as expressible as an axisymmetric Pfaffian. 

Centre-skew determinants are then taken up. First it is noted 
as self-evident that a centre-skew determinant of the 2n"" order is 
simply a centro-symmetric determinant with the sign-factor (—1)" 
attached : and it is then proved that when of the (2m-+1)” order 


** Order’ as here used implies that 2n-line Pfaffians are of the n** order: for 
later usage see below, p. 265. 


t+ The converse proposition is this time taken for granted; it is given merely 
as an exercise in the author’s text-book of the same date (p. 206, ex. 17). We 
may add the example : 


\@ Ga Oh th Gl = Mg Gg+G, A,+Gs5 
Oy ty Ws 1 ds — A, bs b, +b, 
Cy Og % Ay-a, by—bg Cy |, 
by as 
as 


where, be it observed, the matrix of the determinant is the sum of an axisymmetric 
and a zero-axial skew matrix. 
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the determinant is expressible as the product of the central element and 
two m-line determinants, for example, 


ay A, a3 UN as Qs a, | 

b, bs bs by b; be by | 

Cy Cy C3 C4 Cs C6 C7 | 

d, ds ds, ro) —d, —d, —d, 

—Cas Cg Og og 0a Ce ee 

—b, —be —b; —by by ambaieescPs 

enimane  GeOpie —Oq — Ga Bae 
Aj—Qz Ag—Ag dg—s Ay+d, Agtdg Ag+s | 
5 OY bg Bbgn By be Moe 1 bbe eg eee 
Cy—Cz Cg Cg Cg —C Cy+C, Cotlg Cg+Cs 


From this it follows that An odd-ordered determinant which is skew 
with respect to a zero-centre vanishes, and that a centre-skew deter- 
minant of odd order is not altered by making all the elements of the 
middle row and middle column zero with the exception of the centre 
element. 


MUIR, T. (1881). 


[A TREATISE ON THE THEORY OF DETERMINANTS, with graduated 
sets of exercises,.... Vvu-+240 pp. London. |] 


The fourteen-page chapter here devoted to skew determinants is 
considerably different from the corresponding chapters of previous 
text-books, the reason mainly being that Pfaffians are viewed more 
in the light of independent functions having properties similar to 
those of determinants, and therefore being best treated by the use 
of similar notation and nomenclature. Thus the Pfaffian 

af — be + cd, 
which is equal to 
4 
c 
—a4 . ad €) ig denoted by is 
—b -d . ff ii 
—c -—-e -f .|, 

the Pfaffian a.¢,—a3),-+-a,b; in the same way or more shortly by 


| AgbsCy | 3 
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and the Pfaffian a, 2034 —13024-+@4443 in either of these ways, or still 
more shortly by 

I] a4 | 
—all in as close analogy as possible with the notation of deter- 
minants. Rows and columns, however, are not spoken of but 


frame-lines ; for example, the frame-lines of the first of the above- 
written Pfaffians are 


Maaeganotesvull iceukas () pce pennant Be SS 1st frame-line 


(f fosstuxects e. ae Pe ud fe 


d 

Pe f Was. o> On a 
: tl 
Grearat > 4 1 6 


the Pfaffian of the second degree being thus a fowr-line Pfaffian. The 
place of any element is indicated by the numbers of the frame-lines 
passing through it; for example, d in the above occupies the (2, 3)" 
place. The terms minor, adjugate, compound, and others are taken 
over, and analogous notation adopted in connection with them. 
The complementary minor of an element is obtained by deleting the 
frame-lines to which the element belongs; for example, the com- 
plementary minors of e and g in 


toa oc Md ete 

Ril 

ih le 

m n 

0 
are if Guile ald sa)0) die 
gk k ol 
m 0 


respectively. Such complementaries are denoted by the corre- 
sponding capital letters, and the adjugate of || a,.,| by 


Il Arzn |. 
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The recurrent law of formation thus comes to be written (ff being 
the suggested analogue for D or A) 


TGin) = tefias — Asfhia,s + - 


or | @,2n| = AyoAy2 + QygAy3 + - 
i) 
or Ef (4s, 2n) = ayo + a wee Pee. 


the fundamental relation between determinants and Pfaffians 
appears as 
| 21, an ae = lI @h,2n |; 
Gyrp=0 
and Cayley’s theorem regarding a primary minor of a zero-axial 
skew determinant takes the form : 


If D=|d,mla,e-an then De =f fn (b<4); 
Ayy~=0 
but if D = |djonsale,--e,> then Di = fa: fe- 
App=0 


Finally, the analogy with determinants is again insisted on, instances 
being given where the likeness is complete, and instances where 
more or less divergence in the two enunciations occurs. Among 
the latter, for example, appears the proposition that ¢f two adjacent 
frame-lines of a Pfaffian be transposed and their common element be 
changed in sign, the new Pfaffian differs only in sign from the original. 

At the end of the chapter there is a somewhat lengthy collection 
of exercises involving results like the following : 


5) |a b {+ (uy+Mo+ Ms +a) 
de 


if 


= |apy bus cus) + lam, 6 ¢ | +l1a bu ¢ | + |a b cy 


de ding Cha dplz d Che 


i af Sits Sls 


(6) The axial term (the term on the perpendicular bisecting the 
hypotenuse) of a Pfaffian is always positive. 
(10) The last frame-line of a Pfaffian may be passed over the 


others to occupy the first place without altering the value 
of the Pfaffian. 
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(12) The cofactor of a,, in ff (a), ) is (—1)'t*1 ff, «. 
(20) | «x a b c 


=A —NNT NC Ned 
ae Hse 2 2 2\2 
= (n,a?—npb? +n, C2? —NNon3v?)?. 
—b —nc nngz nga ("3 ete imams’) 
—C€ —Ngb —Nn a —N Nx 


(21) If Dp, denote the determinant got from 


Cd -ted 26 
a . de 
—b -d . f 
—c —e -—f 


by multiplying the p row and the q" column by p,, fz, M3, Ma, then 
Dye a Dy —- Diy 


= |ap, bus Cus|- (lam. 6 1S WRN oN See Fy AO errr, 
d é dus Cua dus é d Cfhg 


if, is Sis Shes 


MUIR, T. (1882). 


[On a determinant formed by bordering the product of two deter- 
minants. Messenger of Math., xi. pp. 161-165. ] 


As deductions from a general theorem we here learn that 2f an 
odd-ordered zero-axial skew determinant be bordered symmetrically 
with 0, X1, Xe, X3,.--., and its square be bordered in exactly the 
same way, the latter resulting determinant contains the former as @ 
factor; for example, when the given determinant is 


a b Cad 
=o Pd hei 
—b -—e . he k 
—c —f —h . 1 


—d -g —k —l 
the cofactor is 
—le f g|?—|6 ec d|?—|a c d|/?—ja b dj?—|a Bb cf. 
h k h k ore é g ey 
I l l k h 
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Also, if an even-ordered zero-axial skew determinant be bordered sym- 
metrically with 0, X1, Xo, Xs, - - - the resulting determinant contains the 
original skew determinant as a factor ; for example, when the given 


determinant is 


the cofactor is 


—|%, % 


ae 
f 


| 


a Uae & 
—a ene 
Bey ees 
—c -—e —f 
Gy &|\2—|% fa % 2—|]X, Lg Lg 
G2 c i.e Guru 
3 e d 


The Pfaffians occurring in the two cofactors are conveniently 


viewed as minors got by deleting a frame-line of a quasi-Pfaffian. 


MUIR, T. (1882). 


[Note on the condensation of skew determinants which are partially 


zero-axial, 


Proceed. London Math. Soc., xiii. pp. 161-164. ] 


The writer here starts with the skew determinant 


Ly 
=A, 
th, 
AF 5 
—As 


ly 


having one zero in the diagonal ; changes it into 


Ty 
I 
tha) 


= 
a 


as My Oe a 
bs by 0, erg 
5: a aa , or D, say, 
—C(y % ane 
—c; —d; 2 6 
—te —dg —és 
AsMe Ase Age Gs, 
LX bse by, bs be 
—biig — TaA5y C4 C6 on 
—bydg —Cylg Lye ds, de 
—b:dg —C54g —Astg X5llg Cy 
—bglg —Cotg —Adgdg  —pitg 
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and multiplies it by x, in the form 


1 
; Ly 
SP AWB —A, 
ee a —Gs 
—d, 1. a, 
—€¢ 1 —a;|, 
obtaining the equality 
Ly Ugh y — beh, —C6h1 Agr — gt 
—Az deh, Agle I] AgbsC¢ | I] Abad, | I] agbseg | 
D, = : ri as Petron NaaeiCe' 46s I] agCydg| —!| asCseg | 
TyMg* | —ag dgt, —!| Agdydg| —| ascadg | Ugg || ade | 
—M gl, —!| Aadseg| —!| agcseg| —!| agdseg | Ags 
i, , 
and thence the desired result 
Eehi Del. Cet pee, Ck 
— bgt, Agls '] Agb3C5 | I] @ydydg | || Aadse¢ | 
Pd, =| —e,¢, =!) a5b5¢, | Ags || dgeydg | || aacseg | (I) 
—dgt, —|| Agbydg| | agcad | Agh4 |] agdsée | 
et, —!| dgbseg| || agcseg | — —!| aadseg | Ugls | 5 


where the new five-line determinant is still skew. 

Next he takes a determinant, D,, with two zeros in the diagonal, 
namely, the determinant got from D, on making 7; =0; and 
using (I) obtains at once for x,a,°D, a five-line skew determinant 
with a zero in the last place. This is then treated like D,, with 


the result 
AgegX 1” gh || Aydseg| Ap%!| Asbseq | ApXy |] Agbseo | 
1 Ag, || Ayd5e¢ | Agegry Xo iF Q 
AgXy (€%1)” | —AgXz || Agd5e¢ | sas UglgXX3 R 
— Ag, || agbse¢ | —Q —R AgegtyX4 , 


where P, Q, R are put temporarily for the compound Pfaffians 
bel, Cy gly be, Ug C61 | Cyt Ag, gly 
I] dobseg | || aadsee | I| @ydyd | |] aabsee | I] agCyg| || asc5ee | 
'| ascsee| |. | 4445¢6| |, '| agdseg| |, 
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whose values are 
1 Ag!| byCse, |, A6!| bydsee |; 1 Ag!| Cyd 5€5 |. 


Substitution and simplification give finally 


Cg I] dgbsee | |] agcség| | Ad 5e¢ | 
Am = —|| agbsee | Cgh2 '| bycseg| || Oadsee | (II) 
she —|| agcse¢ | —I| bgcsee | C6X3 I] cgdsee | 
—|| aydseg| —!| bydsee | —l| eydsee | 6X4 
Similar procedure leads to 
24!| aydse¢ | 2y!| bydsee | 24!| Cyd see | 
a,!|agds@| Ds =| —a!| badseg| 2a! | @adsee | I] agbycydse,| | (I) 
—2,!| cydseg| || Abdglgdsg| X3!| Aqds€5 | 
and 
De X,!| Cade | I| agbscadsee | (IV) 
—l| dybscydseg|  e!| Cadseg| |, 


D, and D, needing only to be mentioned. 

Attention is drawn to an interesting bye-product got from (II), 
by putting z, =v, = 2; = x, = 0 and extracting the square root, 
namely, 


€g |G Ay My As Ag] = | || @adse¢ | I] asceseg| || Gases | 
bs by b5 Ob I| bycseg | || bases | 
Cyne, eG || cg seg | 
d;, d, 
& 
a | C, =; A, 
B, —As; 
Ag ’ 


where the compound Pfaffian on the right is a minor of the adjugate 
of || dgbgcydse5|, and the equality corresponds to Jacobi’s theorem 
regarding such a minor in determinants.* 


* For years after this paper appeared its contents were viewed as entirely new : 
it was only in 1900 when the third part of Cayley’s paper of 1854 came to be inter- 
preted by Muir that the former’s identity was seen to be not essentially different 
from the first case above (Hist., ii. pp. 270-272). 
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MUIR. T. (1885). 


[Question 8059. Educ. Times, xxxviii. p. 36; lvii. p. 527: Math. 
Jrom Educ. Times, (2) vii. p. 97.] 


The identity established here is 


| @+@_ ayta, QO, ©... Gyan |= 2°Uayag... don +Oody.- ann): 
Gg+@3 AptQ, ... Apts, 
AstA, ... Agton 
ony + Gon 


From consideration of the construction of the frame-lines Nanson 
infers that the result must be of a certain form, and then from 
consideration of the related zero-axial determinant he evaluates 
the unknowns of the form. 

By splitting the binomials of the first frame-line the Pfaffian may 
be partitioned into two, one of which has a, for a factor ; and taking 
the other, we may in like manner express it as the sum of two, one 
of which has a, for a factor and the other vanishes. 


TORELLI, G. (1886). 
[Quistione 64. Giornale di Mat., xxiv. p. 377.] 


The identity here given is essentially that noted in Scott’s text- 
book (p. 117), and, with the Pfaffian notation, in Muir’s (pp. 206, 
240). It is noteworthy as involving a fresh expression for the 
difference-product of an even number of quantities. It is 

| (2 —Ap)°"~* (dy —ag)** «(Ay Aan)? 
(dg—as)""*—. . .  (dg—Agn)** 


(Gon—1 en) 
== (1) 4) . (2n—1),(2n—1), .. «. (2N—1)n_a- | @,%ag? ... ase, 
In the absence of proof, we may point out that it can be derived 
from Zehfuss’ theorem of 1859 (Hzst., ii. p. 190) by taking therein 
the same even number of variables for each set and the sum of 
every two corresponding variables equal to 0. It may be even 
more appropriate, however, to view it as a case of Brioschi’s of 


1855 (Hist., ii. pp. 276-277). 
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MERTENS, F. (1887). 
[Ueber windschiefe Determinanten. Sitzungsb. .. . Akad. (Wien), 
xevi. II a, pp. 1245-1255.] 


Still another demonstrator of Cayley’s familiar theorem, the aim 
being like Veltmann’s of 1871, namely, to derive it by direct con- 
sideration of the ordinary final development of the determinant 
(Hist., ui. p. 273). 


CATALAN, E. C. (1888). 


(Calculs de déterminants. Mém.... Soc. R. des Set. (Liége), (2) xv. 
pp. 176-178 ; or Mélanges Math., iii. pp. 176-178. ] 


It is not observed here that the determinant 


Ue eget 
f he Gi: 
eae 

g 2 fs h’ 


can, by mere translation of rows and multiplication by (—1)?, be 
written as zero-axial skew, and therefore is equal to 


(99' +-hh' —ff')”. 


FOURET, G. (1889). 


[Sur deux déterminants numériques. Nouv. Annales de Math., 
(3) vu. pp. 82-85.] 


The determinants here are 


la) learner et Ey Oe: 
Se. ig La eet ey Pb, ue, 
ee erie ee" = lien a gone ae 
or) eee SU ee re 


Calling them A, and B,, respectively, we already know that when 
n is odd B,, is 0, and we can easily show that when n is even B,, 
is 1. From this it follows that A,, bemg equal to B,+B,_,, is 
1 whatever n may be. 
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DERUYTS, F. (1889), 


[Sur une propriété des déterminants symétriques gauches. Mém. 
... Soe. R. des Sct. (Liége), (2) xvii. No. 2, 6 pp.] 


The property in question is the third of those given by Frobenius 
in 1876 (Hist., ui. pp. 275-277) as corollaries to a theorem regarding 
the vanishing of equigrade minors in a general determinant. An 
essential part of any proof is of course the fact that in such 
determinants, quite apart from other considerations, a!l the coaxial 
minors of odd order vanish. 


BALL, R. (1890). 


[Note on a determinant in the theory of screws. Proceed. R. Irish 
Acad., (3) i. pp. 375-378. ] 
The results as stated are partly geometrical in form, namely, if 
(r,s) be the angle between the 7" and s‘" screws of reference, then 


1 cos. (12)ncos (13) 7... . cos (16) 
cos (21) ] €08:(23) Mec, COs (26) 
cos (31) cos (32) 1 eaigs BICOS.(30) 
cos (61) cos (62) cos (63) .... 1 


and its coaxial minors of the 4" and 5™ orders all vanish. 


TORELLI, G. (1891). 


[Appunti sulla teoria delle forme binarie. Annali del R. Ist. Tecn. 
e Naut. (Napoli). Anno 1891, 10 pp.] 


What is effected in the second of Torelli’s two notes is a fresh 
generalization of the old identity 


| a,b, | | G dz | — | ayCq | | by | + | ad, | | bycn| = 0 
by viewing the left-hand member of this as a Pfaffian, namely, 


[fade] fave! | aide | 
| Bice | | Bide | 
| Cyd | |- 
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The next case concerns the elements of a 2-by-6 array, and to obtain 
it he multiplies together the two derived arrays 


2 3 4 3 2 2 Ae 
a5 a47d_ 1A." Ay Ay> — BMA, 3AM, ay 


EN Wey UN RFs b,? —3b,9b, 30.5% —b,* 
ie Fife fife? f° a0 —3fe*f aff whe ’ 
the result being 


0 = a 6-line zero-axial skew determinant, 


whence, on extracting the square root, there follows 


| | abe |? lac? ... [a fe [>] = 0. 
[bye [P .-. [ofel 
ley fe |* 


When the elements concerned form a 2-by-2r array, the common 
exponent appearing in the elements of the Pfaffian is 2r—3. 


METZLER, W. H. (1893). 


(Compound determinants. American Journ. of Math., xvi. pp. 
131-150. | 

The theorem here established (p. 148) is that All the minors 
of order n—m in an n-line zero-axial skew determinant will vanish 
if for this and each of the higher orders the sum of the coaxial minors 
vanishes. As an immediate consequence it is deduced that every 
zero-axial skew determinant “ has a nullity equal to its vaciity.” (See 
below, p. 286.) 


HILL, M. J. M. (1895). 


[A property of skew determinants. Proceed. London Math. Soc., 
xxvi. pp. 341-345. ] 

The property in question is that given by Spottiswoode in 1853, 
proposed for proof by Cremona in 1864, and satisfactorily estab- 
lished by Torelli in 1865 (Hist., 11. pp. 289-291, 314-315). Hill’s 
proof is of the nature of a verification, and is more direct than 
Torelli’s, though not so concise, 
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RUSSIAN, C. (1896-7). 


[Teorya przeksztatcenia Pfafia. Prace mat.-fiz., viii. pp. 61-98 ; 
ix. pp. 61-102.] 


The preliminary pages devoted to determinants (pp. 69-76) do 
not contain fresh matter relating to Pfaffians. The theorems there 
collected for convenience are merely known results afterwards made 
use of in dealing with the actual subject of the paper,—the Pfaffian 
transformation. 


MUIR, T. (1896). 


[The expression of any bordered skew determinant as a sum of 
products of Pfaffians. Proceed. R. Soc. Edinburgh, xxi. 
pp. 243-359. ] 


The main portion (§1-§10) of this lengthy paper is occupied with 
a thorough investigation of a theorem exemplified by Cayley in 
May 1854 and November 1857, such being needed because the 
two statements of one of the examples do not agree, and because 
on neither occasion is anything in the way of proof advanced. 
Further, for forty years the theorem had been neglected, and 
when the Collected Mathematical Papers came to be published, the 
example in question appeared in a form different from both of the 
originals.* 

A quite general theorem is first established, which in the case of 
the 5 order is 


| a,boczdye, | = |, a2 Az dy 5| + S)(bo-| a As My Gs |) 
Dp opie Whe das he QO MSR 
Coane Cig ce CET REE 
Ba AOS Ce esmes 
€; & €3 &% 


a dj bees ° @y Uy M5 |) + S)(b2¢sd »/ As |) + botegd yes, 
dine os C1 
Cpt e; 


* Cayley’s two papers in question will be found reported on in our second 
volume (pp. 267-272, 278-279), 
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and this, when applied to the bordered skew determinant 
m th, hs I Bee Woh 
—ky Ms | as a3 
—ky —a, Ms B; Be}, or Ds say, 
cake icant e Ps oe Matereyy 
ack iki dg Oe G,h eyes 
and certain substitutions made, gives the first of Cayley’s identities 
in its correct form, namely, 
= [ay ay ag|-|m, hy hy he hy| + Sm -| hy hg hy|+| ko hy Fa)) 
Bi Be ky ky ky hy Bi Bs By Be 


Pe My ee Os uk vt 
By Be 
Y1 
+ S(mgms + Y1 | my hs hy |) + Sp(memgmy + hgky) + mymgmgmyms. 
ky Kea 
al 


On putting in this 
h =a, = 6, = y, = 9, m, = I, 


there is obtained the corresponding identity for the case of the 
4% order, namely, 


m wh, hg ~ ys) =| Ay Ba Re | > eka ee Ee 
—k, Mo Oy As ay As ay Ag 
—ky —a, ms, Bf, By By 
—k, —dg — m. 
3 2 —Bi m4 | + m8, | m, hy hg|+ mga, |m hy hs 
ky ks ky ee 


+ mya, |m, hy hy| + mymghsky 


+ mymghoky + mgmghyk, + mymymymg. 


In order to make clear the law of development, all the axial elements 
except the first are made 1,—a specialization shown to be more 
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apparent than real—the order of the terms in the developments is 
reversed, and another example is added to aid comparison, namely, 


Jie hag OEP RMT I, WED | assy rat Cite Hig on) 


deeds Ope Os" oc, +S (a-|m hy, hel) (l0t 
se Pals erms) 
=i eae deh ik. 
he eae | Ae Ah 
Sei oF egg ean + S\(| ha he hg|-| tr hy ks}) (10 terms) 
ee CamarionY2.-07 a Ay Ay 
By By 


+ S3(l a1 a as -|m hy hy hs Ay|) (5 
By Bo ky ky ks ky| terms) 


V1 Gy A, az 

By Bs 

aa 
+ | hy he hg hy hs|-| hy ke hy hy hs 
Gy, Ag Ag Mg Gy Az Ag 
Bi Ps Bs Bi Be Bs 
Wa 9 Al 

01 


Here it is important to observe (1) that the 1** and 3" groups of 
Pfaffian products resemble each other, as do also the 2"¢ and 4"; 
(2) that in the 1“ and 3" groups of Pfaffian products the one Pfaffian 
is a minor of the other,—is, in fact, the cofactor of m in that other ; 
(3) that in the 1 and 3" groups of Pfaffian products the first line 
of the Pfaffian of higher order is got by taking m and an even number 
of h’s; (4) that in the 2™¢ and 4 groups of Pfaffian products the 
Pfaffians are of like order, the second Pfaffian differing from the 
first merely in having k’s for h’s; (5) that in the 2" and 4"" groups 
of Pfaffian products the first line of the first Pfaffian is got by 
taking an odd number of h’s. 

A paragraph or two is then devoted to the question of the number 
of distinct terms in such determinants, the more interesting of the 
two formulae obtained being 
(BS), = Sra + (n—1)8,-2 + (2-1) (n—2)8,-3 +--- 

+ (n—1)(n—2) ... 3-28, + (n—1)! 


6, . 
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where S, and (BS), stand for the number of distinct terms in an 
n-line skew and bordered skew determinant respectively. The 
values of (BS), for n =3, 4, 5, 6, 7,... are given as 


6, 22, 101, 546, 3502, 
Incidentally, too, a fresh formula is found for §S,,, namely, 


3(1+3 3°5(1+3°5 
1+Cn,2+ Cra: O48) 4 o,,,. 22a) 


3-5-7(1+3-5°7) 


5} “Piet tes 


= Crs 5 


The rest of the paper (§§ 16-19, pp. 356-359) is occupied with a 
new theorem, giving an expansion of the sum of m times a unit- 
axial skew determinant D, and the bilinear quadric B,, of which D, 
is the discriminant. The first three cases are 


wh (rg AN Fa os icles Iegle) eee | 
Linea ae k, k 
—a, l —a, 1\k i ‘ 
m|{ 1 G15 Gs | + ia has 
1 a, “as)| ky 
soit tea: —aq 1 Blk, 
—a, —§, 1 —a, —f6, 1 |k, 
= m+ (Ayky+heket+hsgks) + SYa,|m hy he 
yi ke 
Qa, |> 


mD, + By = m + Zhyky + Sa lm hy, hy|) +m | ay ago iag |*5 
hy ke B, Be 
va v2 
and it is shown how with the help of the last of these the next case 
can be established, namely, 


mDs +B, = m+ Zhyk, + Sar |m hy hy |) + S(m | GisiGaetad 2 le 
ky ky B, Be 
a Y1 
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FONTENE, G. (1896): MICHEL, CH. (1896) : 
STUYVAERT, M. (1897). 
[Expression de la quantité p(w,+u,+...-+u,) au moyen d’un 
Pfaffien. Annales de l’éc. norm. sup., (3) xiii. pp. 469-487. ] 
[Le déterminant symétrique gauche d’ordre pair. Journ. de Math. 
Spéc., xx. pp. 127-129.] 

[Question 1101. Mathesis, (2) vii. pp. 31, 51; (3) x. pp. 246-252.] 

The first two papers here involve nothing fresh in reference to our 
subject. In the third there is incidentally given the evaluation of 
the 2n-line Pfaffian 


|x —l 


which is found to equal 
UR hts ol AMEN 1 eee Oe 
None of the writers interested in the question, however, seems to 
have observed the curious fact that the said Pfaffian is identical 
with the n-line continuant 
ae al 

evel 

i ae 


SADUN, ELCIA (1896). 


[Sulla trasformazione d’un prodotto di due somme di  quadrati in 
una somma din quadrati. Periodico di Mat., xiv. pp. 125-139.] 


This is of general interest in connection with a question raised in 
Roberts’ paper of 1879 (Hist., iii. pp. 280-281) ; but there is also 
a section of it (§ 2, pp. 128-131) which is directly relevant to our 
subject in that it points out an oversight of Brioschi’s when using 
his theorem of 1855 (Hist., ii. pp. 276-277) to deal with the case 
where n is 8. An attempt, too, is made to show how the oversight 
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may be rectified ; but, unfortunately, the determinant proposed, 
namely, 


ah =-g if Sernid c 4 "a 


is itself open to the same objection as Brioschi’s, in that it does not 
satisfy the required conditions. Further, if a multipber different 
from Brioschi’s had to be used, it would have been simpler to take 
the proposed determinant itself unaltered. When this is done, the 
said determinant is seen to be a skew orthogonant equal to (2a?)4. 


> 


CAZZANIGA, T. (1897). 


[Sopra i determinanti gobbi. Rendic. R. Ist. Lombardo (Milano), 
(2) xxx. pp. 1303-1308.] 

Notwithstanding the title, this paper only concerns one theorem, 
namely, Cayley’s regarding a bordered zero-axial skew determinant. 
It involves no new result, but the exposition given is very clear and 
full. The form of the deduction from it regarding primary minors 
of a zero-axial skew determinant is slightly better than Scheibner’s, 
and agrees exactly with that on p. 200 of Muir’s text-book of 1882, 
namely, If |a,,| be zero-axial skew, and M,,, be the minor got by | 
deleting the p row and q" column, then 


Myq c= (ly 2; (eve Pondy pbs asgitijoitl 2s apgienlrqa lee 
when n is odd, 
and 


Mi, = (1, 2,..., n) (1, 2,...5p—1, p+1,<.., q—Lq+]yivsy a), 
when n is even and p> q. 
When n is even and p <q, we can make use of the fact that 


My = — My. 
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We may note that if the non-umbral notation be employed, the 
Pfaffians in the said deduction are in the first of the two cases got 
from the quasi-Pfaffian of the determinant by deleting the p* and 
q’" frame-lines separately, and in the second case the one is the 
Pfaffian of the determinant and the other is the minor got from it 
by deleting the p™ and gq" frame-lines separately. Thus when the 
given determinants are 


a eo GE Gg ged, dna lg 
ae A a — ag bs by bs bg 
—b -e . h 2 —a, —b, . €, Crna 
—c —f —h j —a, —by —Gq . deaiile 
—d -g —t -—j .|, i ay I ip 

—g —be —Cg —d,g —e, 


and p, q = 2, 3, we have 


TC Relea 2 De Clad || dic. O 
—b —e on Gg 
Seta g j j j |; 
= ees) 
and 
Q, GM 4G, | = —|a_ az dy ds a,|-| a, a, ag 
0, —U,  C, 6: 6, liye in Ags lips tp 
—a@ —bh . d,  d, iy Rie wos & 
—a, —b, —d, & d; de 
—d, —b, —d, —6& Bs 


VIVANTI, G. (1897). 


[Suile trasformazioni infinitesime che lasciano invariata un’ eguazi- 
one Pfaffiana. Rendic. Curcolo Mat. (Palermo), xu. pp. 1-20.] 


An interesting section (§ 2, pp. 3-9) is here devoted to the pro- 
perties of zero-axial skew determinants. None of the twelve 
properties are really new, and those that take the form of relations 
between Pfaffians lose in width and value by being viewed as ex- 
plicitly connected with determinants. Frobenius’ theorem (Hist., 
iii, p. 276) that the vanishing of a zero-axial skew determinant of even 
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order entails the vanishing of all its primary minors is simply and 
freshly proved for the non-coaxial minors by noting that the square 
root of the vanishing determinant is a factor of each one of them. 


BAKER, H. F. (1897). 


[Note on a property of Pfaffians. Proceed. London Math. Soc., Xxix. 
pp. 141-142; or Amer. Journ. of Math., xx. pp. 360-362. | 

Of the two theorems here formulated, the first is a rediscovery, 
being included in Lloyd-Tanner’s theorem of 1878. It may be 
viewed as a simple extensional of the identity 
[1234...] = [12]. [34...] —[13].[24...] +[14]-[28...]—..---, 
for example, 

[ay] [2y1234] = [2yl2] fey34] — (eyl3] [xy24] + [xyl4] [2y23]. 
It degenerates into the second when all the elements of one of the 
frame-lines of [zy12 .. . 2n] vanish except one: thus, putting 

a4, y4, 14, 24, 34 = 0, —l, 0, 0, O 
in the foregoing, we obtain 
[xy] [2123] = [xy12j [23] — [eyl3] [x2] +- [21] [2y23]. 
(See Muir’s text-book, p. 205, ex. 2.) 


STUDNICKA, F. J. (1898). 


[Piispévek ke nauce o determinantech symmetralnych neboli pro- 
timérych. Véstnik Ceské Akad. ..., vil. pp. 235-239. ] 

The proof here given of Cayley’s theorem regarding an even- 
ordered zero-axial skew determinant is essentially gradational. For 
example, the theorem being known to hold for the 4™ order, the 
determinant of the 6" order is seen to be 


= {[1,1][6,6] — [1,6][6,1]} + central 4-line minor 
= {0-0 +[1, 6} +a square, 
where [r,s] stands for the cofactor of the element in the (r,s)‘? 
place. 
The division indicated here is performed, and an expression 
got for the Pfaffian in terms of 3-line and other minors of the 
determinant. 
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YOUNG, W. H. (1898). 


[On the null-spaces of a one-system. Proceed. London Math. Soc., 
Xxx. pp. 33-53.] 


The portion of this (§2, p. 34) devoted to notation gives an 
account of Pfaffians under the designation ‘square brackets.’ 
Thus, the theorem regarding a primary minor of the adjugate 
appears in words thus: ‘‘ The square brackets of dimensions m—1 
m the b’s are proportional to the square brackets of dimensions 1 in 


the a’s,”’ where the b’s stand for the cofactors of the a’s in the original 
‘square bracket.’ The same appears in symbols, thus : 


[34... 2m}, = {[12... Im],} "2 - ay. 


SCARPIS, U. (1899). 


[Una proprieta dei determinanti dedotta dal concetto di sostituzione. 
Grornale di Mat., xxxvii. pp. 73-79.] 


The theorem is Cayley’s regarding a zero-axial skew determinant 
of even order, but the proof does not commend itself. 


RUSSIAN, C. K. (1899). 


[Some theorems on symbolic determinants. (In Russian.) Mem. 
... Um. .... (Odessa), xxvii. pp. 323-348. ] 


The symbolic determinants in question are those introduced by 
Tanner in 1878 (Hist., ui. pp. 278-280) and used by him two years 
later (Proceed. London Math. Soc., xi. pp. 131-139) in formulating a 
generalization of Pfaff’s problem. The application of the deter- 
minants for this purpose, and especially for the formulation of 
conditions, is what the author is concerned with here and in several 
other papers. We may also note that part of such a paper in the 
next volume is occupied (pp. 417-429) with a useful collection of 
determinant theorems used by him in the course of the investigation. 


CHAPTER XII. 
ORTHOGONANTS AND LATENT ROOTS, FROM 1880 TO 1899. 


Tue two determinantal matters that arise out of the study of linear 
transformation (Hist., ili. p. 284) are here left unseparated as in the 
preceding volumes, this course being on the whole the more con- 
venient for all concerned. The number of papers is considerably 
in excess of a half more than it was in the preceding period. 


LAURENT, H. (1880). 

[Sur la reduction des polynomes du second degré homogénes a des 
sommes de carrés. Nouv. Annales de Math., (2) xix. pp. 12-27.] 
A portion of this (pp. 16-22) is occupied with Lagrange’s 

determinantal equation. The treatment, however, is not an 

improvement on Gravelaar’s of 1875. 


HAZZIDAKIS, J. N. (1880). 
(See under this heading in Chap. IV.) 


SCOTT, R. F. (1880). 
[A Treatise on the Theory of Determinants,.... — xi-+-251 pp. 
Cambridge.] - 

To Siacci’s fourth theorem of 1872 Scott prefixes (p. 233) a result 
which perhaps is best presented thus: If the Cayleyan orthogonant 
obtained from | a4, | have 1 subtracted from each of its diagonal elements, 
the resulting determinant is equal to 

2" | ain |o 
| ain | 
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where | ayy |) stands for what | ay, | becomes when each of its diagonal 
elements is changed to 0. And the mode of proof which we should 
prefer would be to remove 2” from the determinant in question and 
multiply the cofactor columnwise by | a,, |. The fact that | ap |o 
vanishes when 7 is odd establishes part of Brioschi’s theorem of 
1854, namely, that every Cayleyan orthogonant of odd order has 1 
for a latent root (H7st., ii. pp. 317-318). 


WALECKI, . (1882). 


[Equation en s de degré m, et décomposition d’une forme quadratique 
encarrés. Nouv. Annales de Math., (3) 1. pp. 401-409, 556-560. } 


An elementary proof given here is worth recording, although no 
part of it is really new. With a little further simplification it is in 
effect as follows. If a be a root which occurs more than once in 
Lagrange’s determinantal equation A(x) =0, then A’(a) must 
vanish. Now, by the differentiation-theorem of determinants, A’ (x) 
is readily found to be the negative sum of the coaxial primary minors 
of A(z), and therefore this sum must vanish when @ in it is put 
equal to a. But then another theorem—regarding a two-line co- 
axial minor of the adjugate—shows that on account of the vanishing 
of A(a) all these minors must have the same sign when x equals a. 
The conclusion thus is that they all vanish individually, as was to 
be proved. 


SYLVESTER, J. J. (1884). 


[Lectures on the principles of universal algebra. American Journ. 
of Math., vi. pp. 270-286; or Coll. Math. Papers, iv. pp. 
208-224. ] 

The subject of these lectures, so far as they are here printed, is 
Cayleyan matrices,—a subject which, as we know, dates back to 
1854 (Hist., ii. pp. 85-87), and to which a special memoir was 
devoted in 1857.* Sylvester appears to have taken up the study 
of such matrices about 1881 ; and in the years 1883, 1884 published 


* Gaytey, A. A memoir on the theory of matrices. Philos. T'ransac. R. Soc. 
London, exlviii. pp. 17-37; or Coll. Math. Papers, ii. pp. 475-496. The result 
of a first attempt to give a List of Writings on the Theory of Matrices from 1857 
to 1893 is published in the American Journ. of Math., xx. pp. 225-228. 
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numerous notes on the subject in the Comptes Rendus of the French 
Academy. So far as determinants proper are concerned, there is 
little or nothing to be noted. Of the class of theorems that may 
not unnaturally be attached to either theory, there is one important 
instance (p. 278), which we may state as follows : If the roots of the 
equation 


Qn ag ETE ag 
fay SEP Baa ey) 
Sot WE Age tes 
be py pas ++ +5 pn» and the Lagrangian determinantal function on the 
left be denoted by L(x), then 
0 0 0 
0 0 0 
L (ps) sli (ea) page aC rshaeeea| Sc eee 
Oar Ts 


the multiplication of the L’s being row-by-column. In this connection 
we may note as a matter of terminology that if one of the latent 
roots of | a,, | be zero, so that | a,,| = 0, Sylvester speaks of the 
‘content’ (i.e. determinant) of the matrix being vacuous; and, if 
k of the roots be zeros, the matrix is said to have vacuity k, k being 
thus a sort of index of so-called vacuity. What it amounts to, of 
course, is the vanishing of the last & coefficients in the expansion 
of the determinantal function according to descending powers of «. 


STIELTJES, T. J. (1884). 
[Un théoréme d’algébre. Acta Math., vi. pp. 319-820.] 


In a letter to Hermite, Stieltjes notes the fact, which he had 
verified, that 2f | a,b ce; | and | a, Boy3| be positive unit orthogonants, 
and the determinant 

A +a, Agta, aAg+ag 

bi+8; bo+B. bs +63 = 0, 

Ci+y¥1 CotyYe2 Cst+Y¥s 
then must every primary minor of the latter vanish also. He adds 
that he was inclined to believe that the corresponding statement in 
the case of the fourth order was likewise true, 
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ROUTH, E. J. (1884). 


[On Lagrange’s determinant. Dynamics of a System of Rigid Bodies. 
Part II. pp. 36-41.] 


Routh considers the determinantal equation in the form 


QyyC+0y,  AygB+byp 6... AyD +Dyy 
AyyL +B Agxt+Dyp 6... ag ® +0 on =) 
QE Dipt Aa EA -Dog 02s Ae b,, 


and examines its roots in the so-called Salmon manner. Denoting 
the determinant by A,, and the minor of it got by deleting the 
first r rows and first r columns by A,,_,, he proves that the roots of 
each member of the series A,, Any, Ang, .... are all real, and that 
the roots of each member separate (or lie between) the roots of the member 
next before it in the series. From this his next proposition readily 
follows, namely, that if A, has m of tts roots equal, every primary 
minor of it has m—1 roots equal to each of these, every secondary minor 
m-—-2 roots equal to the same, and so on. He then borders A,, axi- 
symmetrically with the elements 0, ¢,, C,, ..., Cn, and proves that 
the roots of the new determinant are also all real, and that they separate 
those of the original. Naturally, also, he continues the process of 
bordering, as we have already seen it done in the simpler case where 
the x’s of the determinant are confined to the diagonal. 

Another possible mode of discussing the subject is indicated in 
the handling of two examples at the close (§ 71). 


MUIR, T. (1884). 


[Note on the determinantal equation connected with the investi- 
gation of the small oscillations of a system about a position of 
equilibrium. Messenger of Math., xiv. pp. 141-143.] 


This deals with the reality of the roots of the equation 


atta bt+8 cat+y 

br+8 exte fato| = 0 

caty fatp ka+k 
as predicated by Sylvester’s theorem of 1853 (Hist., i. p. 314), the 
aim now being to show that the said theorem is a direct. consequence 
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of the original theorem whose foundations were laid by Lagrange. 
This is effected by taking the more general determinant 


arta betB cr-+y 

dz+é exte fut 

gu-tn he+O kr+r« 
and axisymmetrically transforming it so as to have no x’s outside 
the diagonal, the result being 


b th tn i6 
ax+a | a Bis ele hh 
apy 
(OC 
a eae ry Maa) 
7 i ; re 
d ) e .. Se a a B ry: ° Py 
a a 
a ba : meg rar bc 
d Gud re a e flx+Z 
th QO G de 
g h 7] h k 
GQ) eee 
where P and Z stand for 
ai ti 
a bo? a 
ay a and |@ 07a 6 ¥ 
Gaon ee 
h UI (e) K 


respectively. On putting in this 
ds 9; hi! b, Off: “ands 6G — yee 


it is seen that the determinant of the equation with which we started 
has an axisymmetric equivalent of the form desired, save that the 
coefficients of # are in general not 1,—a point of difference, however, 
which is easily cleared away by dividing each element of the row 
and of the column in which one of the said coefficients stands by 
the square root of that coefficient. 
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BUCHHEIM, A. (1884). 
(See under this heading in Chap. IV.) 


HOPPE, R. (1885). 


[Neue Relationen innerhalb eines Orthogonalcoefficientensystems. 
Archw d. Math. u. Phys., (2) ii. pp. 413-416.] 
Tf | a,8zy3 | be a positive unit orthogonant, the relations referred 
to are typified by the following : 


(Bo+ys)? + (y2—Bs)? = (1+a,)?, 
(a,--8;) (yi—43) = (G3+y2)(1+a, +Bo+ys), 
(05194) (yi1—a3)" = 2(1—a,) (1+a,-+62+-Y3), 

(a,—8,)? — (y1—a3)? = 2(y3—82) (1 +a,+62+y3)5 
(a,—8,+y1—4s)? = 2(1—a,-+-83 +e) (l+a,+62+ys); 
(a2—3) (@2—By +y1—43) = (l—a,+82+y3+634+-ye)(1+o1+82+ys)- 
All are readily verifiable, and especially so if taken in the order here 

followed. 


LIPSCHITZ, R. (1886). 


[Untersuchungen ueber die Sunimen von Quadraten. 148 pp. 
Bonn. } 


At the outset of this, consideration is given to those orthogonants 
that may be obtained from a given positive unit orthogonant by 
changing the signs of an even number of columns. The resulting 
theorem, which is attributed to Hurwitz,* may be formulated thus : 
If the orthogonant | a,, | = 1, and every possible determinant be formed 
from | ay, | by changing an even number of its columns, then among 
these 2°! determinants there is at least one such that the addition of 
positive unity to every diagonal element of it produces a determinant 
that does not vanish, or, in other words, one that does not have —1 
for a latent root. The proof amounts to showing that if +1 be added 
to each diagonal element of the series of determinants, the sum of 
the resulting series is 2”. 

Hurwitz’ theorem, we may note, concerns a different sum, and 
his mode of proof would be inapplicable here. 


* Crelle’s Journ., xciv. (1882) p. 7. 
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LORIA, G. (1886). 


[Su una proprieta del determinante di una sostituzione ortogonale. 
Jorn. de Sci. math. e astron., vii. pp. 129-182.] 


What is proposed to be effected here is the extension of Siacci’s 
fourth theorem of 1872 to orthogonants of odd order, a single proof 
being considered sufficient for both orders. The basis of the proof 
is a pair of separate multiplications of one of the primary minors 
in question, M, say, by the determinant, D say, of which it is a 
minor, it being overlooked that for odd orders D vanishes. Addition 
is then found to give, properly enough, 2M,D = —D?. No distine- 
tion is made between positive and negative orthogonants. 


NETTO, E. (1886). 
[Ueber orthogonale Substitutionen. Acta Math., ix. pp. 295-300.] 


This is an interesting examination of Stieltjes’ suggested theorem 
of 1884. 

It opens with an account of the construction of Cayley’s ortho- 
gonant, and deduces therefrom a corollary which we may formulate 
for ourselves thus: If 1 be added to each of the diagonal elements of 
Cayley’s orthogonant as formed from an n-line skew determinant B 
with diagonal elements all equal to w, the determinant so obtained 1s 
equal to 

2"w"/B, 
and vanishes when, and only when, w vanishes: further, when w 
vanishes, all the minors down to and including those of order 2 vanish, 
and in the case when n is even all the individual elements as well. The 
first portion is a companion to Scott’s corollary of 1880; the second 
follows readily from the expansion of B in descending powers of , 
there being either before or after the removal of the first power of 
w from numerator and denominator a term in B independent of w. 
Netto then takes the two orthogonal substitutions 


t = day + Dystfo ee it Ones 
& = Bay + Bue t+---- + BinYns 
and deriving from the second, 


Y, = Buéi + Buf +-... + Bute 
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substitutes accordingly in the first and obtains 


Lp = UpBry - & =. PUT NCEN “5 2 ioe + ban Bra : Eee 


The determinant, of this is manifestly an orthogonant on account 
of Xx? and Yé? being each equal to Yy?, and is by its mode of forma- 
tion equal to the product of the two given orthogonants. This 
being noted, €, is added to both sides so that the determinant 
becomes altered by the addition of 1 to each diagonal element, and 
according to an assumption of Netto’s may be taken as an equi- 
valent for the determinant of 


Ly, + &, = (01 +i) Ger (Dx. +2) Yo Rages ge (Din +Pin)Yn- 


If so, and if the product-orthogonant can be viewed as a Cayleyan 
orthogonant, the corollary with which we started can be applied 
and a pertinent result at once reached. The second assumption, 
however, is more serious than the first, and is pointedly referred to 
by Netto himself. Further, he states that Kronecker drew his 
attention to the wider fact that Cayley’s could not be a perfectly 
general representation, as the orthogonant got from a Cayley’s 
orthogonant by changing the signs of an even number of rows 
was manifestly not included in Cayley’s formula. Thereupon he 
worked out on the wider basis a substitute for Stieltjes’ proposed 
theorem. 

We note for ourselves that, | a,b,c, | and | a,@yy; | being the given 
orthogonants, we have only to multiply | a,+-a, b,+, ¢3;++y3| by 
1 in the form | @,5,c3 | or | a, Sey; | to see that it is equal to 


Yaa+l1 a8 Lay |; 
Yba =YbB+1 Yby 
xca xcB Xey+1 


so that the above-mentioned assumption is justified ;* and con- 
sequently if the perfect generality of Cayley’s representation were 
granted, Netto’s introductory corollary would end the matter. In 
the second place it must be noted that, since the w of Netto’s first 
theorem has with Cayley the value 1, it follows that Cayley’s ortho- 


*In the language of Cayleyan matrices the theorem is that the determinant of 
the sum of two orthogonal matrices 1s equal to the determinant of the sum of their product 
and unity. 
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gonant cannot have —1 for a latent root, and therefore that ortho- 
gonants having —1 for a latent root cannot be represented by 
Cayley’s formula. 


TARLETON, A. (1887). 


[On a new method of obtaining the conditions fulfilled when the 
harmonic determinant has equal roots. Proceed. R. Irish 
Acad., (3) i. pp. 10-15.] 

If A, =0 be Lagrange’s determinantal equation and A,_, be 
the determinant got from A, by deleting the first r rows and the 
first r columns, then the theorem here finally proved is that ¢f the 
equation have m roots equal, the primary minors Of Nase 
Ay -m42 all vanish. The proof is essentially the same as Walecki’s 
of 1882. (See above, p. 285.) 


VOSS, A. (1887). 


(Ueber bilinearen Formen. Nachrichten... Ges. d. Wiss. (Gét- 
tingen), 1887, pp. 424-433. ] 

Unexpectedly a half of this paper (§ 2) is concerned with the 
establishment of Stieltjes’ orthogonant theorem of 1884.* The 
proof given is neither direct nor simple, and therefore loses in value : 
but, as not unseldom happens in such cases, the theorem (Hist., i. 
p. 301) on which it is made to rest is in itself of very considerable 
interest, its subject being the bordering of an orthogonant with its 
diagonal elements augmented. For the case where the orthogonant 
is of the 4 order, | w,,@29W33%44 | say, and the border is 3-line 
deep, it is 


®11 + Pi Wi 13 Oy % OF GY 
W21 Wot P2 Wes Wo4 dz by Ce 
31 32 W33 bps W3g a3 O05 Cy 
War 49 43 Waa t pa by Cy 
ry Le vs U4 
WY Ya Y3 Ya 
a 22 @ &q 


* Jt turns up also in anotherJpaper of Voss’ on bilinear forms in Abhandl.... 
Akad. d, Wiss. (Minchen), xvii. 2, p. 261, 
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(—1)? (p1p2psp4) Opry +p1 2102/1 31 P3P1 Warpapr Oy 
@12P1P2 W22P2"t+p2 W39Ps3P2 Wg2Pap2 Aa Og 
®13P1/P3 23 P2P3 33/3" +P3 Wass P4ps a3 bs 
WiaPiP4 WraPopa @zaPspa Wasp tpg Aq Oy 

ey Le ap, ay, Sealab 
Y1 Yo Y3 Ya Sya Syo 
x Zo Ze 2s See os 


where 
= —1 — = = 
oa LQ, p;* + LyAgpg7t + Lggp3 > + L4Qgpgt. 


No proof is given, but it is not difficult to see that multiplication 
of the left-hand member by | ,,29033%44 |, followed by certain 
operations on rows and columns, will produce the right-hand 
member, 

The case of special interest is that in which each of the p’s is 1, 
for then the first 4-line minor on the right-hand side is the con- 
jugate of the corresponding minor on the other side, and the last 
3-line minor on the right-hand side is the product_of the two border- 
ing arrays. It is this case that Voss makes use of, the additional 
condition introduced for his purpose being that all the 2-line minors 
of the first 4-line minor simultaneously vanish. As the determinant 
involving the S’s is then independent of them, the actually-used 
specialized form of the theorem is Jf all the 2-line minors of the 
first 4-line minor of © 


@ +1 Wy2 13 Wi4 a by G& 
M21 @oo+1 Wo3 Wo a, De Cy 
31 @32  W33+1 34 ag Ds Cy 
41 Wa2 W45 Waa tl ay Dy Cy 
28 2 x x 
Na Ye Ya Ya 
Zy Ze Zs Z4 


vanish, the determinant is only altered in sign by changing the first 
4-line minor into its conjugate. A separate and simple proof of 
this would have been a helpful addition to the paper.* 


* As regards the seeming predilection for bordered determinants, see below 
in Chap. X XI. under Stickelberger (1878) and Voss (1889). 
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MARCHAND, _. (1888). 


[Discussion de l’équation en s. Now. Annales de Math., (3) vii. 
pp. 431-435. ] 


The object here is to prove the converse of the known theorem 
regarding the vanishing of minors which follows on the existence 
of m equal roots in Lagrange’s determinantal equation. 


RAHUSEN, A. E. (1888). 


[Sur quelques propri¢tés des déterminants, appliquées a une question 
de géométre & dimensions. Annales de l Ecole Polyt. (Delft), 
iv. pp. 104-139.] 

Unexpectedly there is found here (pp. 110-121) a contribution 
to orthogonants which has some special interest because of its 
mode of approach to the subject. The introductory theorems may 
be combined in one enunciation as follows: If | a,,| and | bin | be 
such that the product of any two rows of the one rs equal to the product 
of the corresponding two rows of the other, then (1) 

1am | = + | bls 


(2) the critical minors * of 


| (a; —by)). Casale uses’ (age Daa) | 
are of even or odd order according as the sign prefixed to | by, | %s 
+ or —; and (3) the complementaries of the critical minors * of 
| any < bu. x hae Ann + Da | 


are of similar order in similar circumstances. The proof of (2) is 
not as simple as could be wished, and the proof of (3) is naturally 
on the same lines. It is then pointed out that if we specialize by 
taking for | 6,, | the determinant of unit matrix, 


1 
] 


n> 


* The author uses Rouché’s form of expression, which may be instructively 
varied by saying that the rank of the determinant in (2) and the nullity of the 
determinant in (3) are even or odd, etc. 
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the conditions connecting | @,, |, | b;, | become the conditions for 
the orthogonance of | a, |, and the theorems (2), (3) take the form : 
If | a, | be an orthogonant, the critical minors of 


&,—1 Aye 843 
Ap; ag —1 ag3 
a3) a3 ag3—1 


and the complementaries of the critical minors of 


ay, +1 Aye Ay. 
ey Ag +l Ags 


a31 Aso Ag33-+1 


are of even or odd order according as | ay, | 1s positive or negative. 


LIPSCHITZ, R. (1890). 


[Beitrige zu der Theorie der gleichzeitigen Transformation van 
zwei quadratischen oder bilinearen Formen. Svtzwngsb.... 
Akad. d. Wiss. (Berlin), pp. 485-523. ] 


Use is here made (pp. 496-497) of a peculiar linear substitution, 
the determinant of which is an axisymmetric orthogonant, and it 
is noted that the application of the substitution twice in succession 
has the effect of the ‘identical ’ substitution. 

A skew determinant with univarial diagonal also comes up for 
consideration (pp. 508, etc.), but without any fresh result, Hove- 
stadt’s dissertation (Bonn, 1873) being referred to and his proof 
regarding the roots reproduced. 


KRONECKER, L. (1890). 


[Ueber orthogonale Systeme. Sitzwngsb. .. . Akad. d. Wass. (Berlin), 
pp. 525-541, 602-607, 691-699, 873-884, 1063-1080; or 
Werke, iii. (1) pp. 371-459. ] 

Influenced by Lipschitz’ paper, and especially by the part dealing 
with an axisymmetric orthogonal substitution, Kronecker at once 
set for himself the problem of finding all substitutions of this par- 
ticular kind. ~In effect the first form of his result is that ¢f | Cm | 
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be any orthogonant with real elements, then all axisymmetric ortho- 
gonants with real elements are obtained by taking 


se CthCrx Sint 
f=1 


g=m+ 


for the (h,k)” element. In its second form the result in effect is 
that af any orthogonal substitution be performed on 

Yet Ya ee Ven Vee a 
then the discriminant of the resulting quadric is an axisymmetric 
orthogonant. He corroborates Lipschitz in the latter’s conclusion 
that the number of independent elements on which such an orthogonant 
depends is m (n—m). 

In passing it is worth while to note for ourselves that the ortho- 
gonant given by either of these forms of statement is nothing more 
nor less than the result of multiplying | ¢,, | columnwise by | ¢,, | 
with its last n—m rows altered in sign, being consequently in value 
equal to (—1)"-™- | c, |?. A third form of statement, simpler than 
either of the others, is thus possible : and there is the further advan- 
tage associated with it that the orthogonal character of the new 
determinant follows at once from the theorem regarding the product 
of two orthogonants. 

A section (pp. 603-607) is devoted to a re-examination and 
restatement of Cayley’s construction-theorem, the result, when 
restricted to real elements, being in effect that the theorem gives 
only those orthogonants that have not —1 for a latent root. At the 
close of the section there is appended the readily-made deduction 
that none of Cayley’s orthogonants can be axisymmetric; and this 
leads the author to a lengthened investigation (pp. 691-698, 873- 
875), the main result of which is to establish the fact that Cayley’s 
orthogonant can be made to approximate to an axisymmetric 
orthogonant, the latter being reached on proceeding to a limit. 

Of the remaining sections the only one that directly concerns us 
is the twelfth (pp. 1063-1068), the opening pages of which serve to 
show not only that the deficiency in Cayley’s orthogonant is unim- 
portant in essence, but that it can be easily made good. We are 
then led on to the interesting result that what one such orthogonant 
cannot give can be obtained by simply multiplying two of them together. 
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BRISSE, C. (1890). 


[Nouvelle méthode de discussion de l’équation en s. Nouv. Annales 
de Math., (3) ix. pp. 367-372. ] 


The interest here is more in connection with the quadric of which 
Lagrange’s determinant is the discriminant than with the deter- 
minant itself: and, at any rate, there is nothing fresh regarding 
the latter. 


TABER, H. (1891): METZLER, W. H. (1892). 


[On certain properties of symmetric, skew symmetric, and orthogonal 
matrices. Proceed. London Math. Soc., xxii. pp. 449-469. ] 
[On certain properties of symmetric, skew symmetric, and ortho- 

gonal matrices. American Journ. of Math., xv. pp. 274-282.] 


Both these papers employ the terminology and notation of 
Cayleyan matrices: after all, however, the properties dealt with 
are properties of determinants, and as such we shall formulate 
them. The first three may be combined in the one statement that 
If a determinant have k latent roots each equal to §, and L(x) be the 
corresponding latent function, then when the determinant is axisym- 
metric, orthogonant or zero-axial skew, the nullity-indea of L(g) 1s k. 
The fourth property, namely, that the non-vanishing latent roots of 
a zero-axial skew determinant are pure imaginaries is a deduction 
made by Clebsch in 1861 from a theorem of Hermite’s (Hvst., il. 
pp. 449-450) : and the companion property, namely, that the non- 
vanishing latent roots of an orthogonant have unity for their modulus 
dates even farther back, having been established by Brioschi in 
1854 (Hist., ii. pp. 317-318). 

The latter part of the second paper (pp. 278-282) concerns ortho- 
gonants that have both +1 and —1 for latent roots. First, the 
assertion is made that such an orthogonant is not included in 
Cayley’s, and then it is sought to show how the want may be sup- 
plied. The result reached is simply that Cayley’s three-line ortho- 
gonant will include the special form in question if the signs of its 
second and third rows be altered. The requisite specialization, in 
fact, consists in putting the (2, 3)'" element of the basic determinant 
equal to 0. 
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RADOS, G. (1891). 


[Zur Theorie der orthogonalen Substitutionen. Math. wu. naturw. 
Berichte aus Ungarn, x. pp. 95-97 ; but originally im Magyar, 
Math. és Term. tud. Ertésité, x. pp. 16-18.] 


The theorem here formally stated and proved is in effect that the 
compounds of an orthogonant are themselves orthogonants. The proof 
is direct and simple, any product of two rows of the compound being 
shown to be suitably 1 or 0 by using the theorem for the multi- 
plication of two oblong arrays.* 


PRYM, F. (1892). 


[Ueber orthogonale, involutorische und orthogonal-involutorische 
Substitutionen. Abhandl. d. k. Ges. d. Wiss. (G6ttingen), 
XXXVil. 42 pp.] 

The part of this dealing with orthogonal substitution (pp. 3-11) 
is restricted to the consideration of Cayley’s orthogonant, the use- 
fulness of which it seeks to extend. The procedure is based on the 
fact that an orthogonant remains an orthogonant when any number 
of its rows are changed in sign,—that is to say, when the rows in 
order are multiplied by v,, v2, ..., ¥,, and 

vf? = wf =... = o,2 = 1; 

and the result is in effect that if | w,, | be Cayley’ s orthogonant, 

every one so derived from it is subject to the condition 


Oy +? Wi9 13 
Wg, Wag} Vy Wes + 0 


31 39 W33 +U3 


When the v’s are all positive, the condition agrees with that already 
found. 

‘Involutory ’ substitution comes naturally to be considered along 
with orthogonal substitution because of an analogy between the 
two. Thus, while an orthogonal substitution and its reverse are 


* It is curious to note the neglect suffered by this paper. Twenty years after 
its double publication it was unknown in responsible quarters. (See below, 
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so far alike as to be conjugate, an involutory substitution and its 
reverse are identical ; or, again, while in an orthogonant 


fO when h = k 
ee ae \1 when h =k 
in an ‘ involutant ’ 
0 when h + k, 
ROMER e OLN {4 when h ie 


Keeping this analogy steadily before him, the author succeeds in 
finding for Cayley’s rule of construction an exact counterpart in 
the case of the new determinant. Indeed, his working of the two 
rules differs only in regard to the basic determinant, which in 
Cayley’s is wnit-axial skew and in the counterpart is wnit-axial 
axisymmetric with a zero in the (h,k)™ place when V,»=Vy. Thus, 
the order being the third and v, = 1, v, = —1, v3 = —1, the basic 
determinant and its adjugate are 


lorat 6 1 —6) —£ 
ee] a —a 1-8? af 
jot real by 0s —B af Tart, 
and the involutant 
2 1 —2a —28 
pe B B 
Di eal ag —2aB 
B B B 
28 —2aB 2 (a?—1) 
B B isp Pasa 


where B stands for 1—a?—?. Following on this is a detailed con- 
sideration of cases, the greater portion of the paper (pp. 16-38) being 
so occupied. 

Lastly, substitutions that are both orthogonal and involutory are 
taken up and shortly discussed (pp. 38-42). The determinant of 
such substitutions is readily seen to be axisymmetric: its most 
general expression is nevertheless far from simple, the statement of 
the theorem, which deals with the mode of constructing it, occupy- 
ing a full page and a half. (Cf. Lipschitz and Kronecker above, 
pp. 295-296.) 


300 HISTORY OF THE THEORY OF DETERMINANTS 


IGEL, B. (1892). 
[Zur Theorie der Determinanten. Monatshefte f. Math. u. Phys., 
il. pp. 55-68. ] 
The second section (pp. 60-64) of this paper concerns the deter- 
minant 


Qyy—by, Ap A413 —bey —bs, . 
Ay, Aggq—byy ag —bo, : —bs; : 
a3) As2  Asg—Fyy . —by, : —bs; 
—bye Ayy—bon Aye 43 —bzp . 
—by» : Az, Agg—bop ng —bszp : 
. —by. 3) 32 33 Day —bse 
—bys —bys Ayy—b33 Aye 13 
—by3 —bos Az, Ay2—b33 gg 
—b,; —bes a3) Azz A33 —Dgs | 


or D say, which may be recognized as Sylvester’s and Cayley’s 
eliminant of the nine linear equations combined in the single matrical 
equation 


(Gy, Me M3 8 (Oy Tye Mg) = (Fy Bq Tyg % dy Byg bys ) 
Qa, Age Ags Ve) Tq9 Log Lo, Lag Tyg || by, Oye bos 
Q31 A329 M33 X31 V32 X33 Ly, Xyq X3\| yy by2 bgp |. 

(See below in Chap. XXII.) On the assumption that D = 0 and 


that the cofactors of the elements of its first row are equal to the 
cofactors of the elements of its first column, the train of reasoning 
followed is considered sufficient to establish “‘ the orthogonal char- 
acter of the x’s and—what is the same thing—of the primary minors 
of D.” 

No reference is made to D being the eliminant of the two La- 
grangian cubics 


@34—2% Ay 13 = 0 = |b)—2 bys bis 
ey Aeo—X& Ags boy bog —a@ bos 
31 Aso Ag3 —& by bse bsg—a |; 


indeed it is clear that, whether Igel knew of Sylvester’s work of 


1884 on matrices or not, any connection of it with his own had not 
entered his mind. 
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SCHOUTE, P. H. (1892). 


[Question 11731. Hduc. Times, xlv. p. 489; Ixil. p. 380: Math. 
from Educ. Times, (2) xix. pp. 52-54.) 


The proposition here is a mere variant of Brioschi’s (Hist., 1. 
pp. 317-318), to the effect that the real latent roots of an orthogonant 
must be either 1 or —1. Denoting by f(x) the orthogonant with 
each of its diagonal elements diminished by «, the solver (Muir) 
forms the equation 


f (2) at) = 0, 


whose roots are squares of the roots of the given equation, and 
finding that the product-determinant is skew with 1—2? in each 
place of the diagonal, he is able to show that for even orders there 
are no real roots at all and for odd orders only one real root whose 
square 1s l. 

The possible loss of generality in using a Cayleyan orthogonant, 
as Brioschi does, is referred to in our account of Netto’s paper 
of 1886. (See above, pp. 290-292.) 


BANG, A. S. (1893). 


[Om en Trediegradsligning. Nyt Tidss. f. Math., iv. B, pp. 57-60 ; 
ix. B, pp. 94-96.] 


The result here given is that the roots of the equation 


are all real of bfg = cdh and e S fs agree in sign,—a generaliza- 
tion of the case where the determinant is axisymmetric. Another 
curious deduction that may be made from his fundamental equality 
is that A three-line awisymmetric determinant 1s expressible in terms 
of its non-diagonal elements and their complementary minors. 
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TABER, H. (1893, 1894). 


[On orthogonal substitution. Papers published by American Math. 
Soc., i. pp. 395-400. | 
[On orthogonal substitutions that can be expressed as a function of 
a single alternate (or skew symmetric) linear substitution. 
American Journ. of Math., xvi. pp. 123-130.] 
[On orthogonal substitutions. Bull. New-York Math. Soc., iu. 
pp. 251-259. ] 


These are again papers that employ only the algebra of Cayleyan 
matrices and that nevertheless deal with a subject viewable as 
purely determinantal. As before, therefore, appropriate note must 
be taken of them. They start with a recognition of the short- 
comings of Cayley’s orthogonant, stating now definitely that it 
fails in but one respect, namely, the inability to represent an ortho- 
gonant having —1 for a latent root. The most interesting point 
connected with the results is the part played in them by the square 
of the defaulting orthogonant itself. Dividing orthogonants into 
those that are the square of an orthogonant and those that are 
not, the author succeeds in assigning to the first class (1) all 2-line 
and 3-line positive-unit orthogonants, (2) all »-lne positive-unit 
orthogonants with real elements, (3) Cayley’s orthogonant, (4) all 
positive-unit orthogonants that are axisymmetric: and his most 
noteworthy theorem is that all those thus assigned are representable 
by the square of Cayley’s orthogonant. The other properties of 
orthogonants of this class, and properties of orthogonants of the 
second class, are given in a summary at the end (pp. 258-9) of the 
last of the three papers. 


METZLER, W. H. (1893). 


[Compound determinants. American Journ. of Math., xvi. pp. 
131-150.] 


At the close of this paper (pp. 149-150) there are under the 
heading ‘ Matrices ’ two theorems on orthogonants. They are both, 
however, rediscoveries, the one being Rados’ of 1891 and the other 
Siacci’s second theorem of 1872; but the fresh point of view is 
interesting. (Hist., iv. p. 298; iii. p. 292.) 
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NETTO, E. (1894). 
[Zur Theorie der orthogonalen Determinanten. Acta Math., xix. 
pp. 105-114.] 

Netto here resumes the subject of his paper of 1886, and, having 
first shown that when | ¢,, |, or O say, is an orthogonant, the deter- 
minant 

Ciytl 4p 


Coy Coo+1 , or Q say, 


includes and is included in Stieltjes’ determinant, proceeds to prove 
that when O = +1 the vanishing of Q entails the vanishing of all its 
primary minors. To this end he shows by ordinary multiplication 
that whether O is positive or negative unity, 


QO = Q, ei z=! Q ba ies 
Qx0 = Qa, 
the second of which recalls Siacci’s fourth theorem of 1872, and is 
proof that when Q vanishes, any coaxial minor, Q,,., vanishes also. 
For the case where the minor is non-coaxial, Q,,, he takes the general 


identit 
pees Que Qra a Q.rQax = QO ous 


and knowing that Q,, and Q,, have Q for a factor, he sees that 
—Q,rQr., 2-€. O (Q,a)?, is in the same condition. He then passes to 
the establishment of a companion theorem, namely, that when 
O = —1, Q necessarily vanishes, and, if in addition the primary 
minors of Q vanish, the secondary minors must vanish also. In like 
manner he indicates briefly that when O = +1 the vamshing of Q 
and its secondary minors entails the vanishing of the tertiary minors : 
and from the three results thus reached he confidently draws the 
conclusion that According as O is +1 or —1 the first set of minors 
of Q that do not wholly vanish must be of the order n—2m or n—2m—1, 


TABER, H. (1896). 


[On a two-fold generalization of Stieltjes’ theorem. Proceed. London 
Math. Soc., xxvii. pp. 613-621. ] 


There are here given four theorems having a close family likeness, 
the third of them being that referred to in the title. The first may 
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be formulated thus: If —1 be added to each of the diagonal elements 
of an odd power of a positive unit orthogonant, and the resulting deter- 
minant be such that its minors of the order 2k are all zero, then its 
minors of the order 2k—1 are all zero also: and where in this 

—1, positive, 2k, 2k — 1, 
appear, the others have respectively 

—1, negative, 2k +1, 2k, 

+1, positive, 2k, 2k +1, 

+1, negative, 2k —1, 2k. 
The proofs are mainly dependent on the fact that an odd power of 
a zero-axial skew determinant is a determinant of the same kind, 
and the fact that when in a zero-axial skew determinant all the 
minors of order 2k vanish, so also must all the minors of order 2k—1. 
Combining the third and fourth theorems and taking the case where 
the odd power is the first we have a result reached by Voss in 1877, 
namely, If | a;, | be an orthogonant, and the minors of order n—r in 


ay tl Aye 
421 Agel 


are all zero but not all those of order n—r—1, then r is odd or even 
according as | ay, | equals +1 or —1. Itis pointed out, however, that, 
notwithstanding an assertion of Voss’, the hike combination and 
specialization of the other two theorems hold only when n is even. 


MUIR, T. (1896, 1897). 
[On Lagrange’s determinantal equation. Philos. Magazine, xlui. 
pp. 220-226.] 

[On Sylvester’s proof of the reality of the roots of Lagrange’s 
determinantal equation. American Journ. of Math., xix. 
pp. 312-318.] 

Working with quaternions Tait arrived anew at Bang’s result of 

1893, finding* that ‘the roots of 


* Tair, P.G. On the linear and vector function. Proceed. Roy. Soc. Edinburgh, 
xxi, pp. 160-164, 310-312. 
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A—zx b C 
diye Erie fo) 10 
9g h I-« 
are always all real, provided the single condition 
cdh = bfg 


be satisfied.” Muir’s investigation is a consequence of this, his 
mode of procedure being to multiply the rows of the given general 
determinant in order by mw, a, ... and the columns in order by 
fy, Mg, ..., and then ascertain the conditions necessary for 
axisymmetry in the resulting new form of the determinant. The 
theorem reached is: The n° equation 


ll—x 12 13 


21 22 = xa O 
SL ay 33—x . 


will have all its roots real if in the case of every pair h, k of the indices 
2,3,...,n we have 
tenia — ble Khe kc 


and Ihehl = +. 
These conditions, it is incidentally shown, ensure that in the case of 
every triad of the indices'l, 2,..., we shall have 
Ih-hk- kl = hl. kh. lk, 
and hk. kh = +. 


The second paper establishes the same result by means of Syl- 
vester’s method of 1852 (Hvst., i. pp. 310-311): and thereafter 
draws attention to properties of the determinant | 11.22....nn|, 
whose elements are so conditioned. 


PASCAL, E. (1897). 
(I Determinanti:.... viil+330 pp. Milano. ] 


Pascal extends (pp. 204-227) Brioschi’s theorem regarding the 
latent roots of an orthogonant to the case where the value of the 
orthogonant is —1, showing that when the order is odd the solitary 


/f2 +g? +h? — 62 
a? — 6% — 2 + w* 


— f6 — aw +bh—cy) 


—gh—-bw+ef-ah) 2(c0+hw+ fy —ab) 
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real root is —1, and when the order is even there are two real roots 
+1, —1. He also gives corresponding extensions of Siacci’s third 
and fourth theorems, and provides a companion to Siacci’s second, 
namely, If to each element of an orthogonant of value +1 there be added 
the corresponding element of an orthogonant of value —1, the deter- 
minant so formed vanishes. 

These minor advances, too, it must be noted, are accompanied 
by better and shorter proofs, of the kind used by Netto and exem- 
plified by us under Siacci. (Hist., il. pp. 291-294.) 


ELFRINKHOF, L. VAN (1897). 


[Eene eigenschap van de orthogonale substitutie van de vierde 
orde. Handel. Nederlandsch Natuur-en-Geneesk. Congress 
(Delft), pp. 237-240. ] 


The first point of interest here is that Cayley’s four-line ortho- 
gonant remains an orthogonant when an additional variable is taken 
and inserted in all places necessary for making the elements homo- 
geneous. If w be taken for the said variable, this means (Hist., ii. 
p- 306) that the determinant 


—a® +b? +0? + w? 
+f? -g?-h?- 6? 
( a® —)?+¢c2?+w? 


—hd-cw+ag- bf) 2(-b0-gw+hf-ca) 2 (a0 + fw + yh — be) ( a? + b3— ¢c? + w? 
-f?-g?+h?- 


after each of its elements has been divided by A is a positive unit 
orthogonant 


if wO = af + bg + ch, 
and A=@+60+e+o0?+/f%?+ 94+ h? 4+ 0, 
1.€. wR a bref w*: 

sett w —h g 

—b h w if, 

—aO.ini—nG bs a hkia 


The truth of the extension the author seems to consider self-evident, 


) 2(/0 +aw+ bh -cg) 2(g0+ bw +ef—ah) 2 (hd +cw+ag—-bf) 
2(-—cé-hw+/fg -ab) 2(b0+ qwu+hf-ca) 


beeen 2(-aé - fw + gh —be) 


) 
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The next and main point of interest is that the orthogonant in 
the extended form as just given is resolvable into 


O- Oat —f nb —g oh w+0 f—a g—b h-—c 
Ame A MgA, ellen | halAce JA sos/Amrnll 
at+f w—-O0 —c—h bg @=fcw+0 e—h g—b 
pee A iA IN oR. 
b+g  cth OO eG |) bo. hc wt0 (at 
Pe ee AeA A JA aA iA 
e+h —b-g atf w—é@ c—-h b—g f-—a w+ 
Fe te eee Ae AL A au nila: 


and, what is still more interesting, that each of the two new deter- 
minants is itself a positive unit orthogonant. These facts are 
readily verifiable by applying the multiplication-theorem and the 
definition of an orthogonant. It may be noted, too, that the two 
factors are almost quite alike in form, both belonging to the type 
of four-line orthogonant which is skew and has only four distinct 
elements (Hist., i. pp. 287-288). The result thus reached is con- 
sequently seen to be that Cayley’s four-line orthogonant (or, if we 
please, the extended form of the same) is resolvable into two four- 
line orthogonants of Souillart’s type. 

The author’s introduction of the additional variable w, as appears 
from our above modification of his procedure, is not at all necessary 
for the establishment. of his result. The same is true of the set of 
substitutions which he makes for a, }, c, w, f, g, h, 9. 


JAHNKE, E. (1897, 1910). 


[Ueber einen Zusammenhang zwischen den Elementen orthogonaler 
Neuner und Sechzehner systeme. Crelle’s Journ., cxviil. 
pp. 224-233 ; Intermédiaire des Math., v. p. 224; xvi. p. 198.] 


A partial rediscovery of Rados’ theorem of 1891 is here drawn 
attention to. The main subject of the paper is a development of 
results reached by F. Caspary in his studies on the theta-functions.* 
The nature of the connection referred to in the title is formulated 
in two theorems. 


*In particular see Comptes rendus .., (Paris), civ. (1887), pp. 490-493, 
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RADOS, G. (1898). 


[Ueber die Bedingungsgleichungen zwischen den Coefficienten der 
orthogonalen Substitutionen. Math. u. naturw. Berichte aus 
Ungarn, xvi. pp. 236-240: originally in Math. és Termesz. 
Ertesité, xvi. pp. 123-127.] 


The object here is to establish the consistency and independence 
of the set of equations in question. The former property, con- 
sistency, is held to be vouched for by the known existence of any 
particular solution of the set, for example, the solution whose deter- 
minant has the matrix unity. To prove the other property, mutual 
independence, use is made of the theorem that 2f $1, go, .- +, pn be 
functions of X1, Xg, «++ 5 Xniz, the d's will be mutually independent af 
the Jacobian-like array (Hist., iil. p. 260) 


se che cia 
Ox tito xen « suo, Oe 
OP Oba Ope. 
[SOXie oh ORs as uel OX ackdy 


be non-evanescent. Thus, if the order be the 3" and the conditioning 
equations consequently be 
Wy Wyo” 45" 
@11@21 + @j2W22 + @ 1323 
@11@31 —F W239 + @13033 = 
Wey? + Wee” ++ Weg? = 
©91W31 + Wo93q —- Wo3H33 = 
31” + gq” + gg” = 


the array to be tested is 


I 


I 


KF Or COCO KF 


2011 219 2w13 
W921 Woo W93 W141 @j2 = 13 . . 


@3} W309 W33 . . . O11 Wo Wis 
2001 29 23 


| 
3) W309 W353 W21 We0 W253 


. . . 2031 239 2033 5 
and what we have to show is that all its six-line determinants do 


not vanish, Clearly this will be done if we can show that the sum 
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of the squares of the said determinants does not vanish, and this 
again if we can show that the so-called square of the array does 
not vanish. Now the square of the array is readily seen to be 


eee ea ag, tenes 


consequently the desired end is reached. 


METZLER, W. H. (1898). 


[On the roots of a determinantal equation. American Journ. of 
Math., xxi. pp. 367-368. ] 


The theorem established here is a companion to Muir’s of 1896-97, 


being in effect that the latent roots of | 11.22. ... -nn| are all pure 
imaginary f in the case of every pair h,k of the indices 2, 3,..., 0 
we have 
lh-hk.-kl = —hl-kh.1k, 
th: hie —, 
and tie = 0. 


ELLIOTT, B. B. (1899). 


[A simple proof of the reality of the roots of discriminating deter- 
minant equations, and of kindred facts. Quart. Journ. of Math., 
xxxl. pp. 233-240. | 

Such an equation as Lagrange’s determinantal equation is here 
recommended to be viewed in its character as a test for a set of 
linear equations being consistent. In the second case considered, 
namely, that dealt with by Routh in 1884, it is found in this way 

that the equation can only be satisfied by an imaginary value of x 

when either (1) it is an identity satisfied by all values, or (2) the 

quadrics of which | a,, | and | by, | are the discriminants can assume 
both signs for real values of the variables. With this may be 
compared Cayley’s result of 1846 (Hust., ii. pp. 112-113). Two 
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other cases treated in the same fashion are brought forward for the 
first time. If we denote the matrix of Routh’s case by 
erupt (9, 
Ly 
| Qn | “ bin |, 
| ay, | and | },, | being axisymmetric, then the matrices of the third 
and fourth cases are 


mame wee 

| Gn | | Cin |; 

(ee Dia eee il) 

| An | | Cin |; 
where | ¢,, | is zero-axial skew. In the third case it is shown that, 
provided the quadric of which | a,, | is the discriminant be always > 0 
or always <0 for real values of its variables, the roots are all pure 
imaginaries when n is even, and are pure imaginaries accompanied 
by one or more zeros when n is odd. In the fourth case the result 
is similar, provided the quadric cannot change sign for real values 
of its variables. 


BIBLIOGRAPHICAL NOTE. 


As in the preceding volume (pp. 306-308) we append the titles 
of writings that are wholly or mainly applicational, that is to say, 
which deal with the subject of orthogonal transformation without 
giving any special attention to the determinant forms made use of : 


1880. GUNDELFINGER, 8. Ueber die Transformation einer quadra- 
tischen Form in eine Summe von Quadraten. Orelle’s 
Journ., xci. pp. 221-237. 


1880. LaurENT, H. Sur la réduction des polynomes du second 


degré homogénes & des sommes de carrés. Nouv. Annales 
de Math., (2) xix. pp. 12-27. 


1882. WaLEcKI, . Equation en S‘de degré m et décomposition 
dune forme quadratique en carrés. Nouv. Annales de 
Math., (3) i. pp. 401-409, 556-560. 


1884. Kouter, . Sur la décomposition des polynomes homo- 
génes du second degré en somme de carrés. Journ. de 
math. spéc., vill. pp. 185-189, 209-214. 


1886. 


1888. 


1889. 


1890. 


1891. 


1894. 


1895. 


1896. 
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Benotr, . Note sur lu décomposition d’une forme quadra- 
tique & m variables en une somme de m—n carrés. Nouv. 
Annales de Math., (3) v. pp. 30-36. 


Srupniéxa, F. J. Neue Transformation einer homogenen 
quadratischen Form von n Variabeln in die Summe von 
n Quadraten. Sitzwngsb.... Ges. d. Wiss. (Prag), 1888, 
pp. 256-265. 


Syivester, J. J. A new proof that a general quadric may 
be reduced to its canonical form by means of a real ortho- 
gonal substitution. Messenger of Math., (2) xix. pp. 1-5. 


Liescutrz, R. Beitrage zu der Theorie der gleichseitigen 
Transformation von zwei quadratischen oder bilinearen 
Formen. Sitzwngsb.... Akad. d. Wiss. (Berlin), 1890, 
pp. 485-523. 


Humsert, G. Sur la transformation d’une forme quadratique 
de n variables en une somme de carrés au moyen d’une 
substitution orthogonale. Journ. de Math. spéc., (3) v. 
pp. 73-76. 


Frosentus, G. Ueber das Tragheitsgesetz der quadratischen 
Formen. Sitzwngsb.... Akad. d. Wiss. (Berlin), 1894, 
pp. 241-256, 407-431 : or Crelle’s Journ., exiv. pp. 187-2380. 


Taper, H. On. those orthogonal substitutions that can be 
generated by the repetition of an infinitesimal orthogonal 
substitution. Proceed. London Math. Soc., xxvi. pp. 364- 
376. 


Keser, A. Bemerkungen zu der ausnahmlosen Auflsung 
des Problems, eine quadratischen Form.... Archiv d. 
Math. u. Phys., (2) xv. pp. 225-231. 


CHAPTER XIII. 
PERSYMMETRIC DETERMINANTS, FROM 1881 TO 1899. 


THE work done on persymmetric determinants, which for the pre- 
ceding twenty-year period had shown a falling off, again gives 
evidence of growth, the number of writings here reported on being 
at least a half more than for the period 1860-1879. 


HEUN, K. (1881): KRONECKER, L. (1881): 
HEUN, K. (1881). 


[Neue Darstellung der Kugelfunctionen und der verwandten Func- 


tionen durch Determinanten. Nachrichten... Ges. d. Wiss. 
(Gottingen), pp. 104-119.] 
[Auszug aus einem Briefe... Nachrichten...Ges. d. Wiss. 


(Gottingen), 1881, pp. 271-279 ; or Werke, ii. pp. 103-112.] 
[Die Kugelfunctionen und Lamé’schen Functionen als Determin- 
anten. Dissert. 32 pp. Gdttingen.] 

The earlier part of the dissertation is an orderly exposition of 


known results. The two forms of determinant considered are those 
used by Sylvester in 1851 (Hist., ii. pp. 334-335), namely, 


a,L—A, Ask —As Oe hy C—Onsy 
AgX —Ag Agv —Ag es te, ome: An410 —Anis 
| OL Ea say. 
Uy%— n+,  AnyyX—Anyg +. Fan410 —Agn 
and 
Og Ose) wat Ay 
Vind iho: «hoe waters An+4 
re 
Od Os cal gin Seer oy 


n+13 
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the sign-factor connecting them being (—1)". First there is estab- 
lished the linear homogeneous relation which connects P,, P,_1, 
P,,-2, and which in substance is due to Jacobi (Crelle’s Journ., xv. 
p. 123). With Heun it takes the form 


2 
es a \Aee =e An}, 7< = deers a 0, 

where A, —B and a, —8 are the coefficients of the two highest 
powers of w in P, and P,,_, respectively. The proof consists in 
dividing the descending series for P, by that for P,_, and then 
suitably transforming the remainder: it suffers from the unattrac- 
tiveness of the latter part. After such a trinomial recurrence- 
formula the natural step is to a continued fraction, F say, of the 
form 

—a? 


ee 1° 
a ae +- A,x = 


peered Yin leyes 2 
Pi + He — fe 


P2 + Gt —, 


whose n“" convergent has the denominator P,,. The corresponding 
numerator Q,,, we are told, is 


ey WE ee An 

ay Qe An+1 

ay ae as An+2 

An-1 An An+1 . . . . Qon 
1 nner aia 


and each of the equations 
P,(z) = 0, Qn,(#) = 9, 


as is readily seen from the recurrence-formula, has all its roots real 
and different. 

After drawing attention to the known instances, besides Jacobi’s, 
of the natural occurrence of P,,(zx), the first step is taken, doubtless 
under Heine’s guidance, to bring it into touch with Lamé’s functions, 
the specialization consisting in connecting the a’s by a recurrence- 


formula 
Oy = Ap 1 Oya Ar2Gr-g +++: + Ar, pUr_p; 
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and so allowing the fraction F to be continued infinitely and to be 
represented by the series 


a , 42 , ag 
eh cache brie ae 


It is then shown that such a formula is satisfied by integrals of the 
type 


{: at tOz 
fav (2) 
where W(z) = 2(2—G) @—-&) .. - @—&) 5 


and that then 


=|" Oz ) al Oz e +6. iy OED 
Jo (@—2)Vr (2) © “Je(e—2)Vb 2) NS (wz) V2) 
The final step of importance is the formulating (p. 19) of the dif- 
ferential equation of the second order which P,,(x) must satisfy in 
order to coalesce with Lamé’s functions. From this the passage is 
readily made (p. 22) to spherical harmonics (‘ Kugelfunctionen ’) 
and related functions, a few examples being given where the integrals 
representing the a’s are easily evaluated. Thus Laplace’s function 
of the (2n)™ degree in x, which Glaisher had expressed as a recurrent 
in 1876, is found equal to 


Fee aL 2 eT 7 he 

Ceo ee Tt ee ee 

2 2 2 2. ‘ 

he?—2 ta?-2 Yo? .... elie t lege ire 2% C 
. 2 2 ? 

ig? 121 +7—+, Rie Sy 1:3-5...(4n 1) 


n 


where C is the persymmetric determinant of the n order whose 


elements are 
oe a 1 


ly ga Sak eee ee 
eek UE > 4n—3 


In his previous shorter communication Heun had already expressed 
the n ‘ Kugelfunction ’ as an arithmetic multiple of 


8 
ole 
ol 

8 

| 
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also its differential-coefficients in similar fashion, and, as might be 


expected, 
cos 6 4 = cos 0 
cos@ 4 ‘earl 1-3 
cos 20 = 2? ‘ gs] 2288. 5G 
os NY Vee? cos 30 2 2 2-4 
e321: 

1 ue pas 
3 cos 0 54 5.4 0080 rah 


Kronecker’s letter, suggested by Heun’s communication, tells the 
story of his own acquaintance with persymmetric determinants, 
emphasizing and illustrating the fact of their persistent connection 
with the problem of finding three integral functions 


F(x) of degree u, (zx) of degree y—n’, Y(z) of degree v, 
so that with two given integral functions 
f, (a) of degree n, f(x) of degree n —n’ (<7) 
there may exist the relation 


(x) = f(a) -¥@) —Al@) - &@) 


and u+y<n. 


KAPTEYN, W. (1881). 


[Note sur une classe de fonctions symétriques. Archiv d. Math. u. 
Phys., \xvii. pp. 102-104. ] 


Involved in this is a a result reached by Muir about the same date, 


namely, 

ay ae Ag sees Gy | = (G+ pi4e4 pidge... 4 pi" ay) 
Ua, Qy Ag +e ee Any GPR Ce ee Mn) 
a Ua Mag ea a, ss : . 
. . . . . . . . . ic EE anes a coe eg os as 
ds 9 Ud, UGG se 
where p,, po, --- are the n™ roots of U. With Muir* it takes the 
form 


(—1)#4+DPQU, cU, dU, eV, a, b, ¢, d, e) = O(a, bp, cp*, dp’, ep"), 


* Text-book (1881), p. 194, ex. 38. Here also are found the equality 
P (a, — Gy, Gy — Ag, - +» 5 Am — UH, Ay — Mg, + ++» Om-3 — Im-2) 
= P(ag— Ag, Ay— Ag, + + > » Un — Uy My — Ay + + o> Qm—1 — In)» 


and the evaluation of P (a,.. +» n-1) When a, = 7” Ost te en EC yys 
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and is established with the greatest ease by multiplying the columns 
on the right-hand side by p*, p*, p?, p, 1 respectively and then dividing 
the rows in similar fashion. He recalls the previously familiar cases 
where U = 1 and U = —1. 


CHRYSTAL, G. (1881). 


[On a special class of Sturmians. Transac. R. Soc. Edinburgh, xxx. 
pp. 161-165. ] 


Chrystal’s result is avowedly a slight extension of Joachimsthal’s 
of 1854 (Hist., i. pp. 169-171). It is that ifs, stand for 


a,? + ag? +... + a,?, 


and 
ae Saray Ms Aer Ry. eS 
X. Basal (By gu ene oe 
N(x), for, (1) x8 ao Bree ee 
x" Spin Spinta us eas ees 
v.e. for 
Pag? ... ay? C (a1, dg, ~~, By) + (K—A@,) (X—ay) ... (X—a,), 


then 8,(x), S,1(X), - . « , Sy(x), So(x) form a Sturmian series. In his 
definition of a Sturmian series he includes, besides the requirement 
that the member preceding and the member following a vanishing 
member shall have opposite signs, the further requirement that the 
first two members shall have opposite signs when the first is about 
to vanish. To show that 8,(z), ..., So(x) satisfies the former 
requirement he puts S8,,(x) in its purely persymmetric form, and uses 


a property which accompanies such a transformation, the fuller 
theorem being 


le w@ ow... | = |b,—2b, b,—xb, b,—azb, ... 
pe Ue ae UR b;—axb, b,—xb, b,—ab, .. 
Day 05% 049 Do tees b,—xb, b,—axb, b,—xb, ... 
bs by b; bg ea eee te Ok . . . 


and the first r-line coaxial minor on the left is equal to the first (t —1)-line 
coaxial minor on the right. 
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KRONECKER, L. (1881). 


[Zur Theorie der Elimination einer Variabeln aus zwei algebraischen 
Gleichungen. Monatsb.... Akad. d. Wiss. (Berlin), pp. 535— 
600; or Werke, ii. pp. 115-192. Abstract in Bull. des Sci. 
Math., (2) x. (2) pp. 47-58.] 


From a general theorem, which we have already quoted, Kronecker 
makes the deduction (pp. 559-560) : If in the array 


Coie Ste Co eee oto nat 
CraCs Kes te Eapera 
Cy C44 oe eee Con-1 ion foe OA a) 


where each column after the n is an aggregate of multiples of the first 
n columns, there be one m-line minor that does not vanish, while the 
minors of higher order all vanish, then no linear relation can exist 
between the first m rows nor between the first m columns of the gwen 
array. From this it at once follows that the first m-line minor of 
all, namely, the persymmetric determinant P(c, C1, - +--+» Cam-2)» 
cannot vanish; and as a consequence it must either be the 
non-vanishing minor mentioned in the data or another so far 
like it. The finding of m for any given set of cs is thus 
facilitated. 

It is next shown that if m still denote the nullity-index of the 
first n columns of the array 


Co Cy ee Cel Cn 
Ciane2 Cn Cn+1 
Cy Cn441 OD Con—-1 Con 


the c’s are characterized (1) by being the subject of a recurrence- 
formula of order * m but not of lower order, (2) by the property 
that each column of the array can be expressed as a linear function 


* When a series of at least 2m quantities is such that every member of it is 
expressible as one and the same linear function of the m members immediately 
preceding, it is said by Kronecker to be subject to a linear recurrence-formula of 
the m“ order. The slightly different English usage is followed in Hist., iii. pp. 318-9, 


318 HISTORY OF THE THEORY OF DETERMINANTS 


of the first m columns but not of the first m—1 columns, (3) by the 
conditions 


Co CY Cm-1  ©m 
Pics come 0 Cy) eA Cmi1 +++ || 9, 
Cm Cmti +++ Com Com+1 
and (4) by the conditions 
id (See fey FLA ot 8 
Plegieg Poss Gy) = O SP err Geta ee ee 


Following the persymmetric determinant P(¢), ¢, ..., Com—s) 
there naturally come the two others, 


P(O, €5;2065 CG), Wey — Cas oe ys NRCan a Caeedls 
P(xeg—C 1, Cy —Cy, » - « » Ulam —2—Com—1)- 
Calling these C,,,, D,,, Kronecker defines them by the identity 

18 c bt fee Gass 

2. oer Se ele oy 
== ‘ . 

Cy (Ue ie ey LC nice Genel = UD, —Cm ; 

1 Cm—-1 Cm —Cm + + + + Ulgm—2—Com—-1 


and then by resolving into factors the two-line minor whose elements 
are those at the corners of the adjugate of —C,,, he readily obtains 


Chie = Gea. = {P (co, Ci, ee) Cantal 


Next, he transforms the determinant UD,, —C,, into 


Can oy Me rials mk. wad 

os ea —Cy+xU 

, 2 

Ca Gy sees Crag —Cy— Cyt + 2*U 

Cm Cmti1 +++ + Com-1 —Cm-1—Cm-2% —. - -— Cyr +a"U > 


and putting 

U = cg + e047 +.... ad inf. 
formulates in two ways the necessary and sufficient conditions for 
the determinant vanishing identically, and therefore for the existence 
of the equality 


Cn = Dm (eget + eam? +... ad. inf), © 
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Since C,,/D,, is independent of Com, Com41 +--+» it is clear that the 
conditions must at least involve material for the determination of 
these coefficients in terms of Cp, ¢, . . - 5 Com—1- 
The last result which specially concerns us is now reached (§ 10, 
p. 568), namely, If f(x) be of lower degree than g(x), and 
£(x) 
g(x) 
the necessary and sufficient conditions for £(x) and g(x) having a 
common factor of the (a—m)" degree is the vanishing of the first n—m 
determinants of the array 


= ox? +ex?+...., 


Co Cy ora ie Cy C41 
Cy Co ee Cntr Cm+e 
Cr Cm41 oes Com Com41 «+39 


with the additional condition 
PACAaCR ee Conno) = O 


if the said common factor is to be the highest. 


MUIR, T. (1881). 
[On a property of persymmetric determinants. Messenger of Math., 
x1. pp. 65-67.] 


What is given here is a generalization and fresh proof of Hankel’s 
theorem. The determinant 


a, as as eke et BO, 

Aa, a3 4 An+1 
ag % as An+2 
An An4i Anta +208 Aen—-1 


is multiplied by 1 in the form 


i 

m ii 

m 2m 1 
ms 3m? 3m 


320 HISTORY OF THE THEORY OF DETERMINANTS 


and the product obtained, | V,, | say, by the same, the result being 
denoted by E,,. By reason of this, 


By = MO ye, + (r7—L) ym Ven + (r—l am" F703 +. - 
= m™1{ms—1a, + (s—1)m* a, + (s—1)ym> Pas +.. #| 
+ (r—1) ym"? {ms1a, + (s—1) ma, + (s—1)gm**a, + ..-} 
+ (r—1)gm"-8{ m*1a, + (s—1)ym**a, + (s—1)gm**as + ...} 
= mits%q, + {(s—])1 ae (r—1),}m*sFa, 
+ {(s—l)2 + (s—1)i (7-1), + (7-1) 2} n"**4ag 


aR 6 
= m22a, + (r+s—2) mrt Fag + (r-+s—2)am"tAag +... 
ea (.) Ox, Gaye site ee 


It therefore follows that the element E,, does not alter for values 
of y and s whose sum remains constant, that is to say, | K,, | 
is persymmetric. We consequently have the theorem: The 
persymmetric determinant of ay, ag, ..., Ag, ws equal to the 
persymmetric determinant of 

O7).(Ag. 89000, 1), (Ay, Ag c%g 01, 1)9) «5 (fq,.ta o> 5 > Bony OMe) one 


The case where m is —1 is that at first referred to. 


MUIR, T. (1885). 


[Question 8016. Educ. Times, xxxviil. p. 69, p. 209: Math. from 
Educ. Times, xlui. p. 103.) 


The equality here intimated is 


1 43a = Aad [+ 2ab—} (ab+ed) | 
goa yrab 4Xabe| = -[fLab—}(ac+bd)] 
t2ab }4Xabe abcd -[32ab —3 (ad +be)] 


The proof elicited is merely a verification, and does not help 
towards ascertaining whether there exists a corresponding equality 
for the case of a four-line determinant with six variables and 
resolvable into four cubic factors, 
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WARD, P. C. (1885): MUIR, T. (1886). 


[On the rationalization of As ba ae = 0. Messenger of Math., xv. 
pp. 42-44. } 
[Questions 8380, 8459. Hduc. Times, xxxviii. p. 411; xxxix. p. 71: 
Math. from Educ. Times, xlvii. p. 107.] 
[Question 8408. Hduc. Times, xxxix. p. 34.] 


In substance Ward’s procedure is to remove one of the left-hand 
‘terms to the right-hand side, raise both sides to the n' power, and 
then dialytically eliminate the radicals. For example, when 7 is 3, 
we put 


which by cubing gives us 


Fe 2a (2): ==) (2 


a 


whence (a+b-+c) bye 3a @: OD 


| 
= 


and (a+b+c) Ce 3b + 3b () == 05 


so that on eliminating (b/a)*, (b/a)$ we have 
i\a+b+te 3a 3a 
3b a+b+e 3a aan): 
3b 3b a+b+e 
Similarly when n is 4 there is found 
a--b—c 4a 6a 4a 
4b a+b—c 4a 6a 
6b 4b a+b—c 4a 
4b 6b 4b a+b—c 


The determinant thus obtained may be viewed as the eliminant of 


a (#+1)" —(—l)"e = 0 } 


a” = bla 


and as being related to the circulant. Hence its resolvability into 
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linear factors, which however we know of otherwise,* it being, for 
the fifth order, a case of 


P(Bh, yh, sh, ch, a, B, y, 6, © 3 


hence also the use to which it can be put in the solution of equations. 
The final expansion must be symmetrical with respect to a, }, ¢ ; 
and there thus arise pairs of equivalent determinants. 
Muir’s pair is of a different kind, namely, 


a+b—c 4a 6a 4a ot eee 
4b a+b—c 4a 6a olan glk belae 3 ens 
6b 4b a+b—c 4a ee re i Cet 
4b 6b 4b a+b—c ; —4 %, 


where >, = a+bte, , = abtbe+tca, Y,=abe. No proof 
of it, other than an unsuggestive verification, was ever brought 
forward. 
SCHRADER, W. (1887). 
(See under this heading in Chap. XXII.) 


SEGAR, H. W. (1892). 
[Question 11462. Educ. Times, xlv. p. 153.] 


Here we have the interesting proposition that if we multiply the 
elements of the last row of the persymmetric determinant 


1! 2! 3! ae? n! 
2! 3! 4! saa $(a-+1)I 
n! (n+l)! (n+2)! .... (2n—1)! 
by n, n+1, n+2,..., 2n—1 respectively, the determinant is thereby 


multiplied by n?+n—1. 

In default of a proof we may remark that as a first proposition 
of the kind it would be better to make the row-multipliers 1, 2, 
3,..., ”, as the multiplier of the determinant would then be n?, 
and to obtain Segar’s result we should only have to add the original 


* See above under Kapteyn, W., pp. 315-316, 
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determinant with its last row multiplied by n—1. As a further 
hint we may point out that the value of the original determinant is 
12! Slodetynl 1121 31a (n=l1)t, 

a result which is readily got by removing the factors 1!, 2!,3!,... 
from the rows and the factors 1, 1!, 2!, 3!,... from the columns, 
and so leaving the well-known unit determinant 

1 2 wc ee 

Oa eal KY 

eg ate) 


SCHOUTE, P. H. (1892): ESCHERICH, G. v. (1892). 
[Calcul d’un déterminant. Journ. de Math. Spéc., (4) 1. pp. 54-56.] 
[Bestimmung einer Determinante. Monatshefte f. Math. u. Phys., 

iu. pp. 19-20.] 
Already dealt with by Scott in 1879 (Hist., 11. p. 325). 


SEGAR, H. W. (1892). 
(The deduction of certain determinants from others of indeterminate 
form. Messenger of Math., xxii. pp. 57-67. ] 


As arithmetical examples of a very general theorem in alternants 
Segar gives 


1 1 
(n=) Le arl 
1 2 1 
Aires +n—1)! 
G2! Go rl = or 
1 3 Some ly 
(r—3)! (r—2)! (r—l)! wr! 


BiY Ciesla =e 1), 


ee the al IN(n—1)!! 
B( omesies ea Gill 


The second of these we have just proved independently. 
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BRUNN, H. (1892). 


[Ein Satz iiber orthosymmetrische und verwandte Determinanten 
aus den fundamentalen symmetrischen Functionen. Zevt- 
schrift f. Math. u. Phys., xxxvu. pp. 291-297.] 


Brunn’s theorem is to the effect that of the simple symmetric 
functions of a,b, ¢,. . . be denoted by 21, X5,. . . , then any determinant 


| Ly ms Dt 
Ly ay? > 


| et > Dew 


in which the suffixes diminish from right to left and from top to bottom 


is necessarily positive, so long as a, b, ... are positive. Much pains 
is taken with the proof. For each >, >, say, there is substituted 
Da 7 ADy-1, 


where >’ differs from ¥ in referring to the elements with a left out, 
and the determinant expanded in ascending powers of a. Thus, 
the simple persymmetric determinant 


[2g 25 Qe le 


3s pe oa, Se 
Ses Mesias: 
ae eee yee 


y,+ax,, LY, +ad,’ Ye +ad, ,'+ad,’ 
Zs +ad_' Dy’ +ad,° Z;'+ad,' Y,’+ad,’ 
Ze +ad,' 3 +ad~’ LD,’ +az,’ L,'+ad,’ 
Xy+a = %y'+ad,' 2s’ +a,’ 2,’ +a2,' 


Xe 2s Lee Dy) + al Ty De De bly ae" es eee 
Deg Dates fare ee Pe ey py pa | 4) dt 
De Dye ee 24) ga Daan Sy ee ae 
Dipole oe on. LS). 27 Dey HIDES e 
“+ O°) De” Dah ee De et oy Bere ee 

aig de Dos ee es Dis, kad ts 

2 ge BEEN) PIS 
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Here, because of the simplicity of the example, there is only one 
determinant attached to each power of a, but even these are no 
longer all persymmetric, agreeing merely in having each of them a 
diminishing series of suffixes from right to left and from top to 
bottom. It is clear, however, that if they can be proved positive, 
the whole will be positive. We are then directed to treat each one 
of them in the same fashion as the original and to continue there- 
after the like process, with the assurance that ultimately we shall 
have no determinants but those with zero or unit elements, and 
‘that these elements will be so distributed that the value of each 
such final determinant will be 0 or I. 

It is well to recall that note has already been taken of simple 
special cases where the final expansion is definitely known ; for 
example, the persymmetric recurrent 

Ya Dab abe abcd 
1 eee 0 a 0c 
1 La. Lab | 

1 La 


which is equal to 
Dat + Dash + Ya2bo + Dab? + abed 
or Wronski’s function &, (Hist., ii. pp. 216-217). 


FROBENIUS, G. (1894). 


[Ueber das Tragheitsgesetz der quadratischen Formen. Sttzwngsb. 
_.. Akad. d. Wiss. (Berlin), pp. 241-256, 407-431 ; or Crelle’ s 
Journ., exiv. pp. 187-230. ] 

In the sections of this which concern quadrics whose discriminant 
is persymmetric, the most interesting portion from the point of 
view of determinants is that in which is established Jacobi’s recur- 
rence-formula above referred to under Heun * (1881). The proof, 
which has the merit of being the first that is purely determinantal, 
consists essentially in noting the two known relations 

aP, — BP,.; —AE = 0, 
AES Pal (Nien ae af = 0, 

* Frobenius does not mention Heun but refers to Hattendorf, whose name in 

this connection we have omitted to give (see Hist., iii. p. 325). 
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and eliminating the two primary minors £, ¢ by means of the new 


relation 
f= Gar Pace 


A generalization is also effected, the P’s in the new formula being 
no longer consecutive. 


NETTO, E. (1895). 
[Zur Theorie der Resultanten. Crelle’s Journ., cxvi. pp. 33-49. ] 


The title of this rather important paper is not particularly suit- 
able. Only the first of the four fresh theorems contained in it has 
any bearing on the subject of the resultant of two binary quantics. 
The others, though seeming to concern a particular persymmetric 
determinant, are really not so restricted, but deal with properties 
of persymmetric determinants in general. 

The first theorem, with a necessary sign-factor inserted, is that 
Uf Cg; C1, Co, . . . be defined by the identical equation 


DeSar ot Oe Doe ae os 
ere ari a eee == OX + CK" =o... 


then the persymmetric determinant 


=I 4m(m-+1) 
P(c, Cy, Co, Scahibars Gio) — ( ) 


aut Ao ay ae ilies asa, Vat Gom 
A Ay eee + Ann-1 
Ao Ay -2 
. Amn+1 
ba Ob?  bAteeres the. 
bob, Sateen bee, 
Din 


More than one proof is referred to, but probably the simplest and 


most natural consists in expressing the b’s on the right in terms of 
the a’s and c’s, namely, 


bo = Alo, b, = AgCy -+- A4Cq; b, = Als -|- QC, + AC; Cine ear aD 


and then making the evidently possible simplifications. 
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The second theorem is in effect that of rs denote the determinant 
got from the persymmetric m-by-(m +2) array 
By 8s 5055 a Bg 8G 
Agha azine dg = Oy 
igheapran 2h, ta, Bg 
She oh 25 SESE eh 
by deleting the r and s” columns, then the adjugate of the (m+-1)-hne 
persymmetric determinant 
P(ape doting Seley) 
as 
13 14 15 Yael 
14423 15+24 16425 26 
15+24 16425434 26435 36 
16425 26435 36445 46 
26 36 46 56|. 
The adjugate by definition is evidently simpler than this, each of 
its elements being a single four-line determinant ; but the author 
justly considers the result to be nevertheless notable, because of its 
curious external resemblance to Bezout’s condensed eliminant of 


Ce ent ea =a 
iat Oe ceGe n=, = 0), 


namely, in the case where n is 6, 


Tn el nd ed 
S| Gl wl ol Bl 


| a4b¢ | | abs | | 214 | | 255 | | @4b¢ | 
|a,b,| | aydg | +] aabs | | abs |+| abe | | aye |+| 42b5| | Gade | 
|ayb,| | 155 +] aaby| | a1b6 |++| dbs |+| asbs| | 22Be |-+|ab,| | dade | 
| a,b5| | @b6|+] 4265 | | @abg | +| 30s | | @gbg|+| abs | | Aube | 
| a,b¢ | | dbz | | abe | | a4b¢ | | a5b¢ | 


The nature of the proof will be understood from the fact that part 
of it consists in showing that the central element of the adjugate 

Gy 5 Ay Ms 

gs Ages. Os 


328 HISTORY OF THE THEORY OF DETERMINANTS 


—an equality belonging to a type which we have seen studied at 
intervals since 1880. 

The third theorem concerns the same array as the second, and, 
like the second, is an instance of what may almost be called ‘ mimicry 
of form.’ It is that 

aB.yéd — ay-B6 + aéd-By = 0, 
where a, 8, y, 6 are column-numbers in order of magnitude. 

The fourth theorem concerns the vanishing of a persymmetric 
determinant, but it had for many years been known to hold for a 
determinant of a more general type (Hvst., ii. p. 113). 

The last two pages of the paper proper are devoted to a purely 
determinantal proof of the persymmetry of Bezout’s eliminant ; 
and this is followed by two interesting postscripts, one establishing 
the recurrence-formula of Jacobi’s persymmetric determinant, and 
the other connected with the highest-common-factor of two binary 
quantics. The proof in the former postscript depends on equating 
Laplace-expansions of two forms of a determinant, and in respect 
of neatness and brevity is preferable to that of Frobenius of the 
year before (see p. 325 above). 


LEVY, L. (1895). 


[Questions 1686, 1687. Nouv. Annales de Math., (3) xv. pp. 33*-34* ; 
(4) xvu. pp. 238-9. ] 
It is here recalled that the equation 


ona" (a —1)” 
Oa" ats 
is equivalent to 

ae falta 

2 3 n-+1 
1 1 1 i 
2% 4 n+2 
1 i. 1 1 ad 
3 4 5 n+3 : 
1 1 1 1 
% Wel” neo ee Gon 


1 x a Ree tt 
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and proof is sought of a more general result, namely, where the 
differential-coefficient is the (2n—k)", the last row of the deter- 
minant is 


1 ae 


and the elements of the persymmetric array are 
it 1 


(n—h-+1) (n—k+2)...(2n—2h-+1) (n—h+2)(n—k+3) ... Qn—2k4+2)? °°” 


NETTO, E. (1896). 


{Zur Theorie der Resultanten. Crelle’s Journ., cxvii. pp. 57-71.] 
Almost the whole of this so-called appendix to the author’s paper 
of the preceding year is occupied with a single theorem, namely, 
If in the wu member of the series 
oy te eye 


Co 
Ce bl Cin) Coca um & 
Cy Co x . 
Ci Xa, Ca Comcye X 
2 vy | AE a NH 
Cee Cseex en, 


Come C yun Coe Soe 


the cofactor of the highest power of x do not vanish, and the next member 
with the like property be the v™ (v> +l), then the intermediate 
members all vanish identically except the last of them, and this differs 
from the u. merely by a multiplier independent of x. 

As the vanishing to be established is independent of any value 
of 2, it is clear that the theorem is really one concerning the minors 
of a persymmetric array. 


CAZZANIGA, T. (1897). 
[Relazioni fra i minori di un determinante di Hankel. Rendic.... 
R. Ist. Lombardo (Milano), (2) xxxi. pp. 610-614. ] 


The theorem here established is that In any persymmetric deter- 
minant the minor obtained by deleting the 1* and x rows and 1% and 
s* columns is equal to the sum of two other secondary minors of the 
determinant, namely, the minor obtained by deleting the 1" and (r-+1)” 
rows and the 1% and (s—1)" columns, and the minor obtained by 
deleting the 1% and 2" rows and (s—1)" and x columns. The 
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author, having obtained the case where r=s =3 from Pascal, 
reached his generalization by using an equality of Netto’s. 
We may note that a convenient notation for the theorem here is 


BL ry ori eee 
Wskee ? iota a | Pan ls Pl ri, 
the minor complementary to 
gaan heineenos he US 
Dede t ie Ae 


NANSON, E. J. (1898). 
[Questions 13957, 14108. Educ. Times, li. p. 389; li. p. 93.] 


The first result here is that if the persymmetric determinants 
P (ay, By Sq) 5°21 Begs igs qs Bele oo eras ge oe a Soe aT, 
then a1, &, ..., Any, are in equirational progression. In default of 
a proof we may point out that if the assertion hold true when n 
is 3,—in other words, if a, = ra; = 7?a, = r°a,,—then the vanish- 
ing of 


Gp Gz. Gy. a, 
Uy Oy» Cpr Ge 
Cig 6 Cin ig 4 ry 
implies that 
—a,(a;—r4a,) = 0. 
The second result concerns the vanishing of minors of 
P(ay, Gg, - + 5 Gana) 


under the same conditions. 


STUDNICKA, F. J. (1898). 


[Nové poutky a nékterych determinantech zvlA%tnich. Véstnik 
Ceské Akad. ..., vii. pp. 477-493.] 


The second part of this (pp. 486-488) deals lightly with the per- 
symmetric determinant whose elements are 


a™, (a+l)™, ..., (a+2n—2)™, 
a case of one of Hankel’s (Hist., ui. p. 314). 


PERSYMMETRIC DETERMINANTS (BAUR, 1898) Gol 


BAUR, L. (1898). 


[Ueber die verschiedenen Wurzeln einer algebraischen Gleichung 
und der Ordnungen. Math. Annalen, li. pp. 113-119.] 

This paper, which gives no really new property of persymmetric 
determinants, is noted because of its exceptionally full information 
regarding the usefulness of 

P(S9, 81, +--+» San—2) 
in dealing with questions concerning the character of the roots of 
an equation of the n* degree—the number of different roots, the 
equation of these roots, their multiplicities, the number of complex 
root-pairs, and so forth (Hist., 1. pp. 162-164, 330-331, etc.). 


MUIR, T. (1899). 
[Note on a persymmetric eliminant. Proceed. R. Soc. Edinburgh, 
xxii. pp. 543-546. ] 
Schoute having used 


as an equation resulting from the elimination of the p's and X’s from 
the set of five equations 

Sg = Prd? + Doro” 

8) = Pry’ + pero? 


Sq = pyAr* + Pors* 
Muir generalizes the result, and shows in two ways that there is 
superfluous provision for the evanescence of the determinant ; the 
three-line instance, for example, being equal to 


1 1 : Pi Pe 
Na Ne Vee Pir\1 ~~“ Pore 
die As can Pry Pod2” 


STUDNICKA, F. J. (1899). 
(See under this heading in Chap. IX.) 


CHAPTER XIV. 
BIGRADIENTS, FROM 1877 TO 1899. 


THE number of writings to be reported on here is practically the 
same as for the preceding twenty-year period. 


VENTEJOL, . (1877): BIEHLER, C. (1880). 


[Sur la transformation du déterminant de M. Sylvester en celui de 
Cauchy. Nouv. Annales de Math., (2) xix. pp. 110-115: 
Ventéjol’s reply, pp. 188-192.] 


The existence of Ventéjol’s lithographed note on the subject is 
here brought to light through a reference to it by Biehler and a 
consequent letter of reclamation by Ventéjol himself. Ventéjol 
takes the case of the equations 

Ggt® +H vay = 0. bot*§ +. + Op = 0; 
and Biehler the case of 

ag" +...+a, = 0, by? 3 by = 0. 
Neither of them makes reference to Trudi (1862). 


PAIGE, ©. LE (1880). 


[Sur l’élimination. Comptes rendus ... Acad. des Sci. (Paris), xc. 
pp. 1210-1212.] 


The subject here is essentially the same as that of Mansion’s 
paper of 1879. The procedure, however, is different, the multi- 
plication of Sylvester’s eliminant by itself being made to give the 
square of Bezout’s. Thus, multiplying 
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Ao ay Gy as 
— —a, —A, —A3 
a7) ay a, as 


columnwise by 


—, —A, —A, 
as oP De Gps 
thy eth i aS 
he obtains 
| agbs | | dob. | | @obr | 
| abs | | @qbs | + aybz| | Mobs | 
| a9b3 | | a,bs | | aos | . : 
| a3bq | | Gado | | abo | 
| 3b, | | deb: |-+] a3bo| | Gabo | 
| a3b. | | a5, | | abo | |. 


Similarly he shows that the central secondary minor of Sylvester’s 
eliminant, as above written, is equal to a primary minor of the 


other. 
It is not unimportant for us to note that as a consequence of 


Le Paige’s process we have 


aye? + a,x? + ay% + a3 


Baroy eee. ee + bya? + bye +b, 


Le Lema ; : . 6b, —as 
22) GPR Pe —b, by +d, dg ate 
My —G, A dy —b, b, —b, 5b, —@, Gy —4s | 
GAO ashe (Osi Ooty 1b, —b, by —A % —4% 
=| Gz # 03 —bs by + |), —2 A —ay 
As bs | bo GM |; 


the second product, however, being only a variant of the first, 
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FARKAS, J. (1880). 
[Question 600. Nouv. Corresp. Math., vi. p. 526.] 


The determinant here to be considered is 


Gg ay Ay a3 dy Gs Ag ay 
A, Ag+Ay as aX, as We 4 | 
| Ay Agt, A+ as dg Gd, . | 


Az Ag+, G5t+Q, AgtM a, . : La 
My stag AgtM, A,1G, A 

A, Agty, 7,143 As a; A 

Ag As a as a, &, 


a7; Ms as a, Gy Gg A, 


> 


whose six-line central array is seen to be the sum of the two arrays 


dy Wg Uy Gy Gg ay Ay 

Gz Gy Gs Gg G . Gh, ty 

Qe Og: Qe 07. oe Gy ‘@, Gy 

ds Ag a, Qs) {Og apa, 

Page of es SR: @y Gy Gy Gy Ay 

a, *; G@, “Ag Gy Gyay? ag3 


and the property set for proof is the divisibility * of the given 
determinant by the detcrminant of the difference of the two said 
arrays. 

In the absence of a proof we ourselves may point out that by 
adding to the first column the sum of all the others we can remove 
the factor 

Qo Gy 1 Oe Soin Ons 


that then by diminishing each row, beginning with the last, by the 
row immediately preceding we can replace the determinant by one 
of the 7 order; and that in the third place by increasing each 
column, beginning with the first, by the sum of all that follow it 
we reach a determinant whose array is the difference of two tri- 
angular arrays, namely, 


*The quotient is also sought, and a generalisation of the result. 
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dg—G, —As —as3 — —a; —Ag —Q, 
;—A, Ay—Ag —% —d; —Ag —, 
Ag—Az G,—A, Ag—As ag Ay 

Gg—Ay A,g—As, A,—Ag Ay—G, 

,—A, Ag—Ag A,—A, A Ay 

as—Ag U—A, as Ae ay A 

Ag—Aq as om a3 Ay ay Mg 


Treating this now in a closely resembling fashion of three steps we 
can remove the factor 
Ag — Ay + Oy —... — Ay, 
and obtain the six-line cofactor sought. 
It is worth noting that by putting a, =a, = 0 we obtain the 
next lower case of the theorem, and similarly in general : also that 


the determinant may be viewed as a quasi-eliminant (dialytic) of 
the equations 


aye? + a,0°+...+ 4, == (I) | 


gitm — gi-m 


FARKAS, J. (1881). 
[Question 3. Mathesis, i. pp. 12-13 ; viii. pp. 195-202.] 
The theorem here set for proof and generalization is that the 
equation of the binary products of the roots of the equation 
a + bx + cx? + dx? = 0 
is, when the squares are admitted, 


viene et : . —l 
Vas Be ntiarst | 
y -l , 
a c fone os 
Aad Yb yas d 
As fe Gl 
and, when they are not, ws 
Zid Pict pee. 
Z 1 
i ==) 
a cd 
asm baste. ed 
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The proofs given are little better than verifications, and are con- 
sequently not instructive as to the origin of the determinants or to 
the legitimacy of the origin. The six-line determinant is a kind of 
dialytic eliminant of 
a + ba - cx? 4 da 20 
y= x I 
the first three equations used being 
yr—o = 0, ya—a =.0,. ye? = wt; 
and no explanation is attempted as to why this should include 
among the roots of the resulting equation the binary products 
other than the squares. 


CROCCHI, L. (1882.) 


[Sopra la corrispondenza tra i coefficienti di un’ equazione algebrica 
e le funzioni simmetriche complete. Giornale di Mat., xx. 
pp. 301-320. ] 


Crocchi here develops at considerable length the subject of his 
paper of 1879; but so far as determinants are concerned there is 
only one fresh result, namely, an expression for the square of the 
difference-product in terms of aleph functions, in analogy of course 
with an expression in terms of the simple combinatory symmetric 
functions. Unfortunately, both expressions seem to be incorrect, 
a mischance which in the case of the latter is unexpected, because of 
a correct form having been given by Brioschi in 1854 and taken over 
by Baltzer in 1857. The former, too, which is new, is obtained 
exactly as Brioschi obtained the other (Hist., ii. pp. 346-347), 
namely, from the persymmetric determinant of the s’s. In the case 
where the number of variables is 4, the squared difference-product 


law. 
Lewpls 
» Alen. eres 3 ; i 
= P(e fs) sc itl, (Nghe) MS BS, Rel soos 
Syl ay  MEy ese BS, 
Som 2 iakto th eeke ts SE 
$0811) Satta fee (iis users 
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and the 7-line determinant here, after we perform the operations 
col, + &, cols + XN. col; +... +N, col), 
cole + &, col; +... +8; col,, 


col, + &, col,, 

and use the equalities (H7st., i. p. 217) 
Sg + N85 + NoSa +--+ - + NoSo = 10N,, 
Ss + Nisa +... + N58 = IN, 


5, + N89 = SN, 

becomes 
eT SA eb Ne 
I NN Ns Na XS; 
il XS, N & Ni 
: 4 BON, GN, TN; 
ing : 4 5, 6X. TNs 8Nq 
|. 4. BN, 6% 7X; 8N, 98; 
4 BR, 6N, TN; 8X, IN; LON |. 


The last row of this can evidently be changed into 

. &, 28, 3, 4N, SN; GNe 
and the order reduced to the 6", which being done, the determinant 
is found to be different from Crocchi’s in the latter having for its 


last row 
No CONSE UNay) ogee «> 10N,. 


REUSCHLE, C. (1884). 
(Zur Resultantenbildung. Zeitschrift f. Math. u. Phys., Xxx. 
pp. 106-110, 304.] 
The subject here is again the two determinant forms of eliminant, 
and the transformation of the one into the other. Save for special 
clearness it is not noteworthy. 
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GORDAN, P. (1885). 
[Vorlesungen tiber Invariantentheorie. xi+201 pp. Leipzig. ] 


In dealing with the subject of the resultant of two binary quantics 
(pp. 131-166), the form on which Gordan relies is the bigradient. 
For some reason Euler’s product of differences is not made available 
until later. From the point of view of determinants this is a matter 
of considerable interest, as the establishment of each property of 
the resultant is thereby made the solution of a problem in deter- 
minants. On this account we note that the properties are 


Res(f,g) = Res{xra(7).2/({)}. 


Res{ f (Az), g (Az) } = A”. Res (f, 9), 
Res (f+gh, 9) = Res(f, 9), 
Res { f(x+u), g(v+u)} = Res(f, 9), 
Res (f, gh) = Res(f, 9) -Res(f, h). 
In these f is of the m™ degree and g of the n, m being > n; and 
in the third the degree of gh < the degree of f. The last property is 
illustrated by the case where 
f = a? + a,27 + age + az, 
g = ba? +d + de, 
h=cet +4, 
and where therefore the equality to be proved is 
| A ay As Qs 
| ; Ao ay ay as 
| F dg ay dy ay 
| Dolo  Dyeg tbe, Soe +b1¢, bye, 


| . boo Bicot bee, —do¢94-b,¢, bye, 


Goes Diego tboe, beg +b,c, bec, 
oe aa te Aiwa. 
Cig Mey dg tae 5 ator ig. 
='}b, 0b, bs Cone ct 
bo by dy inalod 
by 6b, be op 
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The proof is somewhat far-fetched and lengthy, being dependent on 
the viewing of the bigradient eliminant as a Jacobian, and the 
transformation of 


O(a, af, f, gh, agh, gh) rel O(afh, fh, f, vgh, «gh, gh) 
Ola) tar 0). 2, a") O(xth, zh, xh, xh; ah, 2°) 


In connection therewith it may be noted as a curious fact that the 
six-line determinant involved is readily found to be the product of 
two 5-by-7 arrays. 


HEAL, W. E. (1886). 


[Expression of the coefficients of Sturm’s functions as determinants. 
Annals of Math., ii. pp. 85-89. ] 


Previous papers dealing more comprehensively with the same 
subject might have been referred to, for example, Heilermann’s of 
- 1852. 


POMEY, E. (1888). 


(Sur le plus grand commun diviseur de deux polyndmes entiers. 
Nouv. Annales de Math., (3) vii. pp. 66-90, 407-427. ] 


In the first paper here the subject is treated with surprising 
fullness, there being carefully enunciated and proved four lemmas 
and four theorems in which use is made of the bigradient, and the 
corresponding four lemmas and four theorems depending on the use 
of the Bezout-Cauchy eliminant. Even this, however, is not con- 
sidered to be sufficient, for the second paper covers exactly the 
same ground, being meant apparently as an amended edition of the 
first. 


LORIA, G. (1888). 


[Zur Eliminationstheorie. Zeitschrift f. Math. u. Phys., xxxii. 
pp. 357-358. | 
The author properly draws attention to the usefulness of Syl- 
vester's dialytic eliminant when certain coefficients of the original 
equations are functions of y and there is a question as to the degree 
in y of the resultant. 
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TYLER, H. W. (1891). 


[Beziehungen zwischen der Sylvester’schen und der Bézout’schen 
Determinante. Sitzwngsb. d. phys.-med. Soc. (Erlangen), xxii. 
pp. 33-128: also separately as an Erlangen Dissert., 96 pp. 
Miinchen. | 


It is only the last two chapters (pp. 93-125) of this that directly 
discuss the relations referred to in the title: the other three are 
little more than a fresh and clear exposition of those parts of the 
theory of determinants that are required in the discussion. Thus, 
the first (pp. 33-56) is a chapter on linear equations: the second 
(pp. 56-68) deals with the resultant of two binary n‘*: and the 
third (pp. 68-92) with a close examination of the arrays of the two 
forms of the said resultant. To these chapters belong 21 of the 26 
results formally enunciated in the dissertation. Probably the most 
interesting (no. xvii. p. 75) is one which we have seen foreshadowed 
under Le Paige (1880), and is to the effect that Bezout’s eliminant 
as expressible as the result of multiplying any n consecutive columns 
of Sylvester's eliminant by a transformation of the other n columns, 
the multiplication being of course column-by-column. For example, 
when » is 3 and the columns chosen are the 1, 2"4, 3", we have 


Q, My | b, b, be I 
Oaas ll b, h. | 
‘ i | e : | Ab, | [aq de | | Aqbs | 
, ; : 
ah 7 ica a, 8 ay = || ab, | | dbs | + | a,b, | | ays | 
2 3 | i 4 2 ‘ 
Peedi | | nied os | obs | | 0s | | @2bs | 
bo ‘| | =O : : | 


Here and elsewhere, we may note, the author would have profited by 
using the umbral notation: thus, Sylvester’s eliminant being denoted 
123456 | 


193456 ” the product just obtained and its three fellows * are 


* Strictly speaking, the fourth is only a variant of the first. If it be considered 
different, then there are two others, namely, 


123456 | | 465132 
156 234 , 
123456 | | 546213 
126 345 : 


the number being either » or 2n, and not n+1. 
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123456 654321 

123 "| 456 ' 
123456 465132 

234 | 156 A 
123456 546213 

345 | 126 : 
123456 | | 654321 — 

456 eos : 

where change of signs in a row is indicated by an overhead —. By 


this means also the law of formation of the products could have 
been readily formulated. 

Of the three results in the fourth chapter the first part of the less 
familiar is to the effect that only 2n—1 primary minors of Bezout's 
elinvinant are different, and to each one of them can be found an equal 
among the secondary minors of Sylvester's eliminant : the converse 
part is not so general. As for the fifth chapter, the relations given 
in it, namely, between the secondary minors of Bezout’s deter- 
minant and the quaternary minors of Sylvester's, are in themselves 
much less simple, and therefore require lengthier statement than, 
unfortunately, we are able to give here. 


BIERMANN, O. (1891): HASKELL, M. W. (1892). 
[Ueber die Resultante ganzer Functionen. Monatshefte f. Math., 
ii. pp. 143-146.] 

[Note on resultants. Bull. New- York Math. Soc., i. pp. 223-224. ] 

These both deal with Gordan’s equality of 1885, 


Res (f-+gh, ae Res (f, 9). 
The first, as the result of determinantal transformations, scrupu- 
lously prefixes to the right-hand member the factor 
(=1)t@t-™) . Dia Re 
where q is the degree of h, m <1, and bg is the coefficient of a” in g. 
The second insists on the removal of Gordan’s restriction regarding 
the degree of gh. 
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WAELSCH, E. (1891). 


[Ein Satz iiber die Resultante algebraischer Gleichungen und seine 
geometrische Anwendung. Monatshefte f. Math. u. Phys., ui. 
pp. 421-428. ] 


The resultant in question is that of two binary quantics, and the 
theorem regarding it concerns the determinants of the two-row 
array of its first differential-coefficients with respect to the co- 
efficients of the quantics, namely, that each of these determinants 
contains the resultant as a factor. This known theorem * (Salmon’s 
Modern Higher Algebra of 1866, pp. 76-77) it is sought to amplify 
by showing how to calculate expeditiously the cofactors, but the 
author’s interest in the geometrical side of the matter makes his 
success less than it might have been; the subject seems well worth 
further study. 


MANSION, P. (1893). 


[Sur P’éliminant de deux équations algébriques. Annales... Soc. 
Sc. (Bruxelles), xvii. 17 partie, pp. 5-8.] 

Still another mode of transforming Sylvester’s bigradient into 
Kuler’s product of differences (Hist., 11. pp. 869-370, 374-375), the 
others specially referred to by the author being Bruno’s (1859, p. 27) 
and Gordan’s (1885, p. 179). 


* According to Salmon we know from Richelot’s theorem (Hist., iii. p. 328) that 
when R = 0, 
he Os BORE _ OR, oR eich soR} 
Ody OGp-k Od, Og -* iG Ob, : Obq-k 
and consequently that 
OR OR _ OR OR 
Otp Gat-* — Oap=% Og 
It thus follows that 
OR OR OR OR anal OR OR OR OR 


oR. OR _ OR OR 
Ody Obg-x CGp-k Ody 


and 


‘Cty Oat-* | OGp-%. Oly Oty; Obg-%  Odp-% Ody 
both contain R as a factor. He adds that in the former case the cofactor is 
OR OR 


OpOaq-x  Odp-KOdy’ 


but that in the latter the corresponding statement does not hold. 
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GORDAN, P. (1893, 1894). 
(Ueber die Sylvester’sche Resultante. Verhandl. d. Ges. deutscher 
Naturf. u. Aerzte, i. 1, p. 4.] 
[Ueber die Resultante. Math. Annalen, xlv. pp. 405-409.] 
The first of these notes concerns the familiar resultant 
(a, b, ¢, d)s 


(p, q; r; S)3 
of two binary cubics: the second is more important, the subject 
being the Laplace expansion of 


(Gade s Pee Omn) p 
(Desc Oi Ok) an 
in terms of the n-line minors of the a-array and the m-line minors 
of the b-array, and the object being to facilitate the evaluation on 
the lines originally followed by Cayley (Hist., il. pp. 366-8). 


TAYLOR, W. W. (1895): MUIR, T. (1896). 
(Evaluation of a certain dialytic determinant. Proceed. London 
Math. Soc., xxvii. pp. 60-66. ] 

[On the eliminant of f (x) = 0, f (1/2) = 90. Proceed. R. Soc. Edan- 
burgh, xxi. pp. 360-368. } 

Both of these papers concern the factors of the dialytic eliminant 
of such a pair of equations as 
av’ + bo +...+9 = a 
gx’ + fae +-...+a = 0). 
_ ‘The first author removes the linear factors at the outset, and then 
by a rather lengthy procedure transforms the resulting ten-line 


determinant into 
2 


a b ty d e-g 

a b c-g d—f 

a—g b-—f c—e 

. —-g -f a-e b-d 
ag) =f fe Yd. aco, 


The second author points out that the given eliminant being 
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centro-symmetric resolves itself into two six-line determinants at 
once, namely, 


Ge 0 ee eee, e fg eee d Coad 
ab oc dg etf 7 ee nO c d—g e—f 
. a b+g c+f d+e : . @ b-g cf d—e 
. g at+f b+e cd aaa g a—f b—e e=d 
. g f e a+d b+e . —g —f —e a-—d b—e 
Cini, "0 ¢ a+b |, |-—g —f —e —d e a—b|; 


that a+b+c+...+g is removable as a factor from the one, and 
a—b+c—...+g from the other; and that the cofactor in each is 
readily transformable into the same five-line determinant 
a b c d e-g 

a b cg d-—f 

a—g b-—f c—e 

g -f ' a—evb=d 
-g —f c d a—cl, 
which thus appears squared in the final result. 

Muir, however, proceeds further. First he draws attention to the 
fact that the second six-line determinant is the same function of 
a, —b, ce, —d, e, —f, g as the first is of a, b, c, d, e, f, g: and that 
therefore the resolvability of the second is included in that of the 
first. Also, the actual fact of resolvability is considered so curious 
as to deserve separate formulation, namely, if ++ be used to indicate 
addition in the case of arrays, then 


Hen te ele ae i 


g 
2 0b. .camd ee out 
a.) bicaid , fe 
amine + g ' ed 
ie, b gt” 6 dace 
a og PF 6 dice ba 
a~b co°dve = 
a: bred nak ie . -g -f 
= (atb+c-+...t+g)-}. . abe + . , -g -{ -e 
a b . -g -f -e -d 
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and it holds for any number of letters, a simple example being 
arbyc a 


ce ie La Dc Ca Meare 
2 = (at+btetdte).ab + . -e-d 
ab Se ac 
bi, ein sp foe fet -e-d-c\. 


The existence of similar results is then enquired into; and it is 
found that if we denote the kind of determinant which appears on 
the right in these examples by the functional symbol x, we have a 
fresh series of identities exemplified by 


Gh Tee eam! Se oe 1 
Cmte rehome Gake : 
aS ee ee 2(a+b+e+d) (a—b+c—d) - x2, 
a ie eC 10 Ge 
and another series exemplified by 
I oh Saat hee sete 
Gu we, oe et oe ee 
abew#..de b\| = —ed(a+b+c-+d)-x, 
a b i. Ct 0, 
oa a d.1¢, 0. 8 
where x, or x (abcd) stands for 
b . = 
a 4 a 
a -d -¢ 


NETTO, E. (1896). 
[Zur Theorie der Resultanten. Crelle’s Journ., cxvil. pp. 57-71.] 


The last four pages here are occupied with the theorem that 
If S be the bigradient eliminant of two binary quantics, Sag denote 
the minor obtained from S by deleting the a row and 8 column, 
then 

SapSpv 3 SapSeo 
is divisible by 8 so long as w+-v = p+o. The proof opens with the 
case where 
8 =-1, fies {ee M5 Cis 
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and consists in constructing a single determinant equal to the differ- 
ence in question, and then so transforming it as to put in evidence 
the desired factor. In the next place this first result is gradually 
widened with the help of the known case where p, ¢ =v, uw: but 
the process is considerably lengthened by the necessity which it 
involves of establishing the irresolvability of 8. At the close the 
bearing of the theorem on Salmon’s mentioned above (p. 342) 
is briefly dealt with. 


GOURSAT, E. (1896-1897). 


[Legons sur l' Integration des Equations aux dérivées partielles du 
second order & deux variables indépendantes. i. p. 25; U. 
p. 298. Paris.] 


Incidentally there here appear two evaluated bigradients involving 
differentials. As, however, they represent results which are per- 
fectly true independently of all differentiation, we shall state them 
quite differently. In the notation of Hist., iii. pp. 330-331, they 
are 


(a, b, C), (a, b, C)1 F 
(UT, eT NY, + Ya (x, Y)2 , 
| ( (jean) wens kl q. (a, Mg, « ) Qy) : 
rr pe: 2ry, y r-1 (x, Y)r-1 19 
for example, when r is 3, 
G0 c 
ul b ( a 6 ¢£' 
‘ ; a OSC ee eae 
| 2° dx?y day? ye dk Setaciny | 5 
b sae Oe) fe Sty enmaytnne® 
a b c 
2 
: RR sabe: nee 
ep pm eee es 
1 a) A ik 


No proof is given, but if the determinants be viewed as eliminants 
a way is at once seen to be open. 
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ROE, E. D. (1898). 


[Die Entwickelung der Sylvester’schen Determinante nach Normal- 
Form. Dissert. (?) vi+52 pp. Leipzig. ] 

This is a simple study of the final expansion of a,bigradient, the 
classification and properties of its terms, and all possible aids towards 
the calculation of it in any individual case. Although as an ex- 
position it is clear and conspicuously full, probably its real value 
lies in giving at the end the final expansion of the eliminant R;,,, 
when the coefficients of the given equations are 


Qo, —Aay, ds, —s, 4; Shs 
Do; by, be, bs, Dg. 


The terms are arranged in five groups, the basis of classification 
being connected with the two pairs of coefficients 


Mo, Do; Ms, Dy. 


To the 5% group belong those terms which contain both of both 
pairs,—terms of so-called *normal-form  : to the 2" and 3" groups 
belong those containing both of one pair and one of the other pair : 
to the 1* those containing only one of each and being ‘ completely 
reducible’: and to the 4" those containing only one of each and 
not ‘completely reducible.’ All the groups except the 5 consist 
of terms reducible to terms of determinants of lower order, so that 
‘normal’ is evidently meant to be equivalent to ‘irreducible ’ ; 
indeed the writer himself opposes ‘normal’ to ‘ reducible ’ speaking, 
elsewhere than in the title, of the development as being “ according 
to normal and reducible forms.” 


STUDNICKA, F. J. (1898). 


[Objasnéni Borchardtovy poutky o jakosti ko¥en& rovnic alge- 
braickych. Casopis pro péstovant math. a fys.. XXVI. pp. 
237-246. | 

This is a simple exposition of the use of a Sturmian series. Noth- 
ing fresh occurs in connection with the determinants employed 

(Hist., ii. pp. 330-331, 346-347). As usual with Studnicka the 

illustrative examples make the paper specially helpful to students. 
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VAN VLECK, E. B. (1899). 
[On the determination of a series of Sturm’s aa by the calcu- 
lation of a single determinant. Annals of Math., (2) i. pp. 1-13.] 


What falls to be noted here is an expeditious way of arriving at 
the set of Sturmian remainders when the two originating functions 
beg For an gay bottetnb ant tae 
have arithmetical coefficients. The process consists in the so-called 

transformation of the dialytic eliminant 


ig Gy Oe eee 


bp b, by 
dg ay 


so as to have nothing but zeros on the left of the diagonal, the first 
row being utilized along with the second to produce the new second, 
the new second along with the third to produce the new third, and 
so on. It is then affirmed that the even rows in the resulting 
determinant furnish the coefficients of the successive Sturmian 
remainders. When the second function is the derivate of the first, 
the process commences of course with the alteration of the third 
row; for example, the function being 
a + 2 — of —a§ 4+ 2? —¢ + 1, 
the altered determinant is 


ym yar te at” Pegatrone y toa vw aul) Send 
Gary MS git ait od 
Loree 1 re See 
vie ae oN Byes e 
a8 A Ghee 17 
44 rece) 14ipetll DO tagcat 


In thus Pare the Sturmian Freon 


17a4 + 1443 — 272? + 324 — 87, 
— 4403 + 1140? — 120x sig 7, 


the author rightly claims eee saving of labour. 
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We should prefer, however, to free the matter from connection 
with the dialytic eliminant, substituting the proposition: If from 
the given pair of rows of arithmetical coefficients a third row be formed 
whose values are |agb,|, | abo], ---» |aobn| next a fourth row 
formed similarly from the second and third, and so on, then the elements 
of the (2r-+1)™ row are the coefficients of the x” Sturmian remainder. 
It would perhaps be still better to substitute a theorem in pure 


bieradients, affirming that the elements of the 4", 5™, . .. rows are 
Hive fees cree Bey 3, _Ag—Sy 
Pb mp bel: 1b, »Bi 
Den be eben ibe bee Dat. 3 br Do's, 
Zien eS aig SI b, by bs bs 
Da ae a.) ado ag bil: a, a, ag 
Dee bs sds “POG EE aA Sagat 8 
by bs bs by ? b, by bg bs 5) 


This would have applications to other subjects than Sturmian 
remainders. 
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CHAPTER XV. 
HESSIANS, FROM 1880 TO 1897. 


HERE, as in the associated case of Jacobians, there is no increase of 
progress to report, the number of writings to be dealt with having 
fallen off by a third, exactly as in that case. 


SCOTT, R. F. (1880). 


[A Treatise on the Theory of Determinants... . 


x1+251 pp. 
Cambridge. | 


There are here recorded three examples of evaluated Hessians. 


First, it is fully shown (p. 143) that if 
us @*9" +... 4+ 7,52," + oor? ea 


and o =i(7,2+...-+ 2,2), then 
H ; 6” a2 me fl 2 we x," 
(w) Sea Ae (o Hy Vo — Xo ) Lee (7—Zp ) “ta Q oe c 


Next, it is noted (p. 231) that if w,, vs, .. 


., U, be linear functions 


OL, aa ee hI On. 
O(t, Ue cara ele 
Flops) = (CUM Saar ope atest 
and that if 


Oy = (wtyte)” + (e—y—2)" + (—a+y—2)" + (w+y—2)", 


then, save for an arithmetical factor, 


H(v,) = Vpn (24+-y4+-24—2a?y? —2y222 2.22 2\n—2 
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BAUER, G. (1883). 

[Die Hesse’sche Determinante der Hesse’schen Flache einer Flache 
dritter Ordnung. Denkschr.... Akad. d. Wiss. (Miinchen), 
xiv. (3), pp. 77-90.] 

There is here extended to surfaces a theorem of Hesse’s regarding 

a cubic curve, and what we have to note is the property of H{ H (uss) } 

analogous to that given in Hesse’s original paper of 1844 (Hst., 

ii. p. 377). 

VOSS, A. (1887). 
[Zur Theorie der Hesse’sche Determinante. Math. Annalen, xxx. 
pp. 418-424. ] 
Here, as in Bauer’s paper of 1883, the subject is the Hessian of 
the Hessian: and notwithstanding the title the interest is even 
more markedly geometrical. 


GERBALDI, F. (1889): SCHOUTE, P. H. (1889). 
[Un teorema sull’ Hessiana d’una forma binaria. Rendic. del Circolo 
Mat. (Palermo), iti. pp. 22-26.] 
[Sur un théoréme relatif & /’Hessienne d’une forme binaire. Rendic. 
del Circolo Mat. (Palermo), iii. pp. 160-164. ] 

The main theorem here we have already given under Sylvester’s 
name (1879): but Gerbaldi adds that if the Hessian have only 
imaginary roots and assume only positive values, then the roots of 
the quantic are also all imaginary.* 


McMAHON, J. (1889): FRANKLIN, F. (1890). 
[On the expression of the Hessian of a binary quantic in terms of 
the roots. Annals of Math., v. pp. 17-18.] 
[On the Hessian of a product of linear functions. Annals of Math., 
v. pp. 103-105. ] 
The result stated and proved in the first of these papers might 
have been viewed as already known (see, for example, Hist., 


* Another paper on an already known result in the Theory of Quantics is 
GerBapr, F. Sull’ Hessiano del prodotto di due forme ternarie. Rendic, 


del Circolo Mat. (Palermo), iii. pp. 60-66. 
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iii. p. 371). Franklin’s generalization is of a different degree of 
importance, being that 


H (uty... Un) = (—1)* 7+ (n—I) - (ute - - - thy) AA yx | + Unga s+ Un}? 


where Up = Anh + Apgle +... + Oya. 


PASCH, M. (1890). 
[Ueber bilineare Formen ... Math. Annalen, xxxviii. pp. 24-49.] 


Incidentally, and not by a determinantal transformation, there is 
here (p. 41) reached the fact that the Hessian of | ayb.c3 | with respect 
to the elements is —2| a,bec, |?. The author also notes (pp. 46-47) 
the less important fact that the Hessian of a three-line axisym- 
metric determinant A is —16A?, quoting in connection therewith 
the name of A. Breuer (1888), and not the names of Sylvester (1841) 
and Cayley (1856) (Hist., 1. p. 244; u. pp. 143-144). 


MUIR, T. (1898). 


[Question 11814. duc. Times, xlvi. p. 37: Math. from Educ. 
Times, (2) xiv. pp. 38-39.] 


A simple identity connected with the Hessian of a binary cubic. 


PAINLEVE, P. (1894). 


[Note sur une identité-entre certains déterminants. Bull. Soc. 
Math. de France, xxii. pp. 116-119.] 

The theorem here concerns two determinants got by performing 
two different sets of operations on a homogeneous function of 
©, ®y, Lg, ..., Ly Of the m™ degree. The first operation consists 
in forming the Hessian and then putting in itz =1. The second 
consists in putting x = | in the given function at the outset and 


forming with the resulting function ¢ the n-line determinant whose 
(r, s)™ element is 


oe Op 9 
pak Ral oeed) Saget 


The ratio of the former result to the latter is 


(mop)"f(m—1). 
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NANSON, E. J. (1895). 


[Hessian of an implicit function. Messenger of Math., xxv. pp. 
137-138. ] 


The result here established is that of p(u, X1, Xe, --+» Xn) =9, 
the Hessian of u with respect to the x’s ws 


(=) 
re Poo Por a Pon ho 
po 
fio pu Se ae Pin pi 
no Put ogee Pun Pn 
ho Pi cece Pn Deals 
where the suffixes 0,1,2,...,0 denote differentiation with respect to 
We ee a on respectively, and where therefore the determinant 


is the bordered Hessian of ¢. 

We note for ourselves that, when ¢ is a homogeneous integral 
function, Brioschi’s theorem regarding the bordered Hessian (Hist., 
ii. pp. 396-397) applies, and gives an interesting corollary.* 


REUSCHLE, C. (1897). 
[Konstituententheorie, eine neue, principielle und genetische 
Methode zur Invariantentheorie. Verhandl. d. internat. math. 
Kongresses (Ziirich), pp. 122-140. ] 
‘Konstituenten’ are entities that arise in connection with any 
quantic by differentiation: thus, « being a quantic of the a 


degree in 2%, %,.--> its A‘ ‘primary constituent,’ its (h, k)™ 
‘secondary constituent,’ and so forth, are 
1 Ou 1 Oru 


‘et fa, i916. .@ 


m om,’ m(mM—1) Ox,OH, ’ 
respectively. As is not unnatural, the determinant with the 


secondary constituents for elements comes to the surface in the 
course of work, and some space is given to the consideration of 


its adjugate. 


* Immediately following on this paper in the Messenger Nanson has another 
dealing with the change of independent variables in the Hessian, 


CHAPTER XVI. 
CIRCULANTS, FROM 1880 TO 1899. 


THE period under review shows a marked increase in the study of 
circulants, the number of writings being almost double the number 
for the preceding period. The segregation of those on ‘block’ 
circulants, which was tentatively introduced in Vol. III., is here 
definitely adopted. 


SCOTT, R. F. (1880). 


[Note on a determinant theorem of Mr. Glaisher’s. Quart. Journ. 
of Math., xvii. pp. 129-132.] 
Taking C(a, b, c, d, e, f) as an example of an even-ordered cir- 
culant, and performing the operations 


col, + col,, col, + col;, col, + colg, 
TOW; — TOW), TOW, — TOW, row; — LOWs, 
Scott finds it equal to 


at+d b+e cf a—d b—e c-—f 

c+f a+d b+te|-|f—c a—d b—e 

b+e ctf a+d e—b f-—c a-—d\. 
The form of the second factor leads him to draw attention to what 
he calls a cyclically skew determinant, namely, 


ay Ay git eke 8G 
—Ay, ay Qs oe) fe QAn-1 
—OAn_} —Aa, ay CeO ei An~2 


—a, —Az Cua eae ay ’ 
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of which an equivalent is 


r= 


18 (a, + As, +430," 4- oo 0 +a,007"") : 
T= 


where w, is any root of the equation 
Con): 

His theorem is thus to the effect that a circulant of the (2m) order 
is expressible as the product of a circulant and a skew circulant each 
of the m" order; and he gives an alternative proof of it dependent 
‘on the ordinary factorial expressions for the determinants in question. 
It is noted also that on account of the relation between the roots of 
the equations 

geet te Va O, earl 1), 
the circulant of 


in a tie Ge 7 iin oo ya Aon» Aen+1 
is equal to the skew circulant of 


a4, a2) a3, a4, Cs) Aen Bent 
or, say, to 
V/ 
C (a, As, OO Oe) Gh +4) 


GLAISHER, J. W. L. (1880). 


[On some algebraical expressions which are unaltered by certain 
substitutions. Messenger of Math., x. pp. 60-63.] 


In effect the main result of the paper is that if s stands for 


G, +, +--+ +n, 
then 


C(s—a,, S—@q,.-+5 S—d,) = (—1)™4(n—1) O(a, Ge, - - + > Gn)s 
and consequently that 


C(a,, As, Odor) An) 


> 
dy +g +--- On 


C(s—a,, $—@g,+-+5 S—Ay) 
(s—a) + (s—a,) +--+ + (S—G,) 
a simple example of the latter being 

| 1 e--@ a+b ih toe Xe 
1 bees osha =) (= 1)2) 1 ab 
1 a+b b-+e lire ae Cats 


= (—1)"+ 
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or, in non-determinant notation, 


b-+¢)® + (c+a)? + (a+b)? — (c+a) (a+b) — (a+b) (b+c) — (b+) (c+) 


— g++ —be —ca —ab. 


The result of making one or two other readily suggested substitutions 
for @,, @,..., @, in C(a,, ada, ..., a) is also noted. 


WEIHRAUCH, K. (1880). 
[Ueber doppelt-orthosymmetrische Determinanten. Zevtschrift f. 
Math. u. Phys., xxvi. pp. 64-70.] 


Weihrauch establishes Spottiswoode’s property by using Fiirs- 
tenau’s theorem of 1879; that is to say, he multiplies each element 
in the (r, s)*" place by w"~*, where is any one of the n™ roots of 
unity, and then takes the sum of the rows. 


More interesting is the fresh proposition that the circulant of 


@y, Ag, ... 5 An, ws equal to the sum of the coefficients of the equation 
whose roots are the n'” powers of the roots of the equation 


ayXot age ee oy. Sal ee: 
By way of proof it is noted that in the case where n is 4 we have 
C(a, b, ¢, d) 
= (athe, + cw? + dw,°)(a + dw, + cw,” + dw,®) (a + bw; + cw,” + dag! *) (a+ bwy+ cw? + dw,3), 
so that, if ¢, ¢, ¢; be the roots of the equation 
ax® + 622 + cra +d = 0, 


there results 


C(a, b, ¢, d) 
a ieee iss (tz oy) 
(1 —w2¢;) 
9) (Le se 
(1 —w4fs) 
= a4 - (1—w,6) ( 1 —we¢y) (1 —w36) ( (1—w,¢) 
a1 —wy6s) (1 woo) (1 —wsfo) (1—w,) 
(1 —w,¢;) (1 —w6s) (1 —ws¢s) (1 —w4fs) 
== af(1—(,4) (1—G (1 —¢54), 


as desired. A more general result is: The sum of the coefficients of 


CIRCULANTS (WEIHRAUCH, 1880) 359 


the equation whose roots are the q'* powers of the roots of the equation 

ax? + a,x? 1 +...+ a,=0 

ws 

C(aq +84 + 824+ ee Soa @y + gyi t Agi ts ? BF Agpot Boqt21 oie we) 
Instead of this, however, Weihrauch in effect proposes to sub- 

stitute a wider proposition, namely, that the equation whose roots are 

the 4" powers of the roots of the equation ax* + bx? +cx+d=0 as 


Se beige oe. 

Oe Cain Cay 1d ee 0 
ed ay by ‘ 
d ay by cy 


the previous result being thence obtained on putting y=1. To 
establish this y+ is substituted for « in the given equation, and 
rationalization is effected in Cayley’s manner of 1852 (Hvst., ii. 
pp. 124-126), the full set of equations being 


ayi +byi +eytt+d =0 
ay + byt + cyt +dyt = | 
ay-yt + by + cyt + dys =| 
ay -yt + by-yt + ey + dy* = 0 

and the eliminands y?, y*, y?. 

It is also noted that the same procedure is effective when the 
roots of the new equation are to be the p™ powers of the roots of 
the given equation. Thus, p being 3, we substitute ys for x, and 
multiply twice by y>, the set of equations now being 

ay + bys +cei+d =0 
ay y® + by + cy® + dys a) 
ayy? + by -y8 + cy + dy = 0 
and the desired equation 
b c d-+ay 
—| ¢ dtay by 
dtay by cy 
Here, it may be remarked, the sum of the coefficients is still a 
circulant, namely, C(d+4, b,c). 


0. 


O{1, 
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WEIHRAUCH, K. (1880). 
[Werth einiger doppelt-orthosymmetrischer Determinanten. Zezt- 
schrift f. Math. u. Phys., xxvi. pp. 132-133. ] 


Three of the four results are Scott’s of the year 1878, and the 
remaining one, namely, 


; wn—-2 1 i yp ; re 
3/62 Gdn(netl) = (Sea )¢(n43)" — (n-+1)"}, 


resembles Scott’s third. 


CLARIANA Y RICART, L. (1880). 


[Aplicacion de las determinantes 4 la resolucion de las ecuaciones 
de cuarto grado. Crdnica cientifica ... (Barcelona), iii. pp. 
425-429. ] 

The determinant used is the 4-line circulant, the author thus 


forestalling by a year or two the proposal of Muir and others (see 
below, p. 370). 


SCHAPIRA, H. (1881). 


[Elements of a Theory of general Cofunctions, and their Applica- 
tions. (In Russian.) Vol. I. (1) i. 228 pp. Odessa. }* 

The first chapter (pp. 109-124) of the second section of this book 
is devoted to an account of circulants in general; and in it there 
is one fresh result that falls to be noted, namely, Jf a, 8, y, ... be 
the linear factors of the n-line circulant O(a, b,c, . . .), then 


Cla. 0. Seek De ee 


The reason for including such a chapter lies in the fact that in the 
investigation of *‘ cofunctions ’ circulants are found to be of special 
utility : the whole of the second chapter, indeed (pp. 125-144), is 
occupied with showing how symmetrical functions of cofunctions 
can be represented as circulants. The properties of other deter- 
minants, such as Jacobians and alternants, are also utilized. 


* This is but the first portion of an elaborately planned work, which failed to 


materialize according to the original design. A second instalment (vili + 224 pp.) 
of the first volume did not appear until 1892. 
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SCOTT, R. F. (1881). 
[Mathematical notes. Messenger of Math., x. pp. 142-149. | 
There is here established (pp. 148-149) the curious theorem 


ee - ate x) Ole Doe ey Cal ee 
recalling a previous theorem of his (Hist., ii. p. 380). Also it is 
noted that the determinant got by bordering C (2, %, -.-> Dy) 
symmetrically with 0, 1, 1, ..., 1 is equal to 
j LR Cc 8 ee) 
Coa ae. 


MUIR, T. (1881). 


[On new and recently discovered properties of certain symmetric 
determinants. Quart. Journ. of Math., xviii. pp. 166-177. | 


To start with, Glaisher’s theorem regarding a circulant of the 
(2n)* order is shown to be readily obtained by multiplying together 
two slightly altered forms of the circulant. The first form is got 
by advancing the odd-numbered rows in order to the first n places, 
and then altering the signs in the even-numbered columns, the 
result being 


Gu UL Cone e =i 
e —f a =b c =—d 
| Oo = EP ie 

NICER OTe 6 d = 
( 1) C(a, b, C, 9 é, f) GF —— b —cC d —€é 
d = ‘3 VG} b ak Oi 
bie Cahd Geet Rls Pe 


The second form is got from the first, by deleting the negative signs, 
reversing the crder of the rows and then the order of the columns, 
the result being 


ea een iC U 
Cbs Gea) cand 
Cla Chaba wal, 
—j)\SC=08 - (OG d = 
a Cla, 6,6 4 e7) bad fered He 
CLC SOE) foe 
if aterad ~ 6a bila 
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From these two results by multiplication there is obtained 


h Prank iQ 
kQ. APyaR 
—1)8{(O(G; bre; di exf\}2 =| RaQ we 
ie: Pie? 2-0 
22) prea Bs erg 
=R o=-Qalj-Biy 


and therefore 
C(a, b,.6, d, ¢, f) =o0(P, Q; BR), 
where 


P = a@ —bf +ce—a@ + ec —fb = a® + 2ce — d* — 20f, 
Q = ae—bd +c? —db+ea —f? = c® + 2ea — f? — 2db, 
R = ac—B?+ca—df+eé —fd = e* + 2ac — b? — 2fd. 


In the second place, Scott’s theorem regarding a circulant of the 
(2n)'" order is shown to be immediately deducible from Zehfuss’ 
theorem of 1862, the reason being that by reversing the order of 
the last m rows, and thereafter the order of the last » columns, the 
circulant becomes centrosymmetric. For example, 


GOs tet, ced 
f a b é d ¢ 
I eeeee 
G\ gee cea), 
(ane Me CDG. 

a+d b+e c+f rinth - lee c—f 

= otf. a+td b+e|:\f—-c, .a—-d be 

b+te c+f a+d a—h  Watol ated 


= C(a+d, b+e, c+f) . C’(a—d, b—e, c—f). 


It is next found that when n is odd there is no difficulty in deducing 
Glaisher’s theorem from Scott’s. We have only to change the 
columns of C(a+d, b+e, c+f) into rows, alter the signs of the 
second row and second column of C’(a—d, b—e, c—f), and then 
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perform row-by-row multiplication, there being a series of identities 
like 

(a+d, c+f, b+efa—d, e—b, c—f) = a + 2ce — d? — 2bf 
to be relied on. 

Lastly, attention is drawn to the fact that there ws a second way 
of expressing a circulant of the (4n+2)" order as a circulant of the 
(2n+1)" order, namiely, by resolving it in accordance with Scott’s 
theorem, substituting for the skew circulant an ordinary circulant, 
and then performing row-by-row multiplication. For example, 


atf b+e c+d a—f e—b c-—d 
O(a, b,c, d,e;f) =|etd atf bt+e c—d a—f e—b 
bte ctd atf| |e—b c—d afi, 


where 
L=@ieé+eé—@—#@—f? = Sa? — Db2, say, 
M = Yae Sod 4 Sab Sad, 
N = Sae — Sbd — Sab + Lad, 


the > implying summation of the terms got by changing 


a,e,c ito €é,¢, 4, 
and 


b,d,f into d,/f, 6. 


MUIR, T. (1881). 
[On the resolution of a certain determinant into quadratic factors. 
Messenger of Math., xi. pp. 105-108. ] 
The theorem here established is that the determinant whose every 
element is the sum of the corresponding elements of the circulants 
Cae Mamma ety BN CDs) Day 2 Da) 
is divisible by “ 
(a, wa, +. . .+@"~7a,) (ay Stas eo Oot On) 
— (by --wbs+. . .+@""b,) (by tobe. - .+o7"*"b,), 


w being one of the imaginary n™ roots of unity. 
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When » is 5 the determinant in question is * 


} +6, a,+b, ay+bs a+b, a5+5 
dstb, a+b; dat+by a3+bs a+b, 
Agtb, dstby a+bs a2+b, a3+b2 
Ast+by dytbs as+b, a+b, a2+b, 
dy+b; d3+b, a+b, as+bs a,+b,4], 


and may be viewed as the eliminant of a set of linear homogeneous 
equations In 2, £2, 73, %4,%;. Using the multipliers w°, w!, w?, w*, w4 
with these equations and performing addition, we obtain 


ay +wta,+ oe: fe +w-4a; = vy +wr;+wr, +r; +t, 
b,+ob.+... +46; Ly +oL, +0723, +w°r,+w47;’ 
and therefore, on putting w~! for w, 
ay + wd, —+ oe) se +wid; se Ly +r; +0324 +wry +w2o 
bj +wbe+... +a4b; © +wtr,+w*r;+02X,+7;’ 


from which two equalities there results by multiplication 


a+wla,+...+w~‘a; +0, + ... twas 1 
by+wbe+...+04b; btw b+... +0-, 
This being independent of the x’s furnishes a factor of the eliminant, 
and the factor thus reached is seen to be the quadratic factor specified 
in the enunciation of the theorem. 


Note is taken that when 7 is odd there is the linear factor 
& +a,+...+a,+6,+6,+...+56,, 


and that when n is even there is in addition to this the factor 


@,—G,+...—a +b, —bg+...—b,. 


Further, the multiplications indicated in the quadratic factor are 


actually performed, and w made to disappear through substitutions 


like 2 cos 27 for w+o7. ~ 


*The determinant may be described otherwise, and perhaps better, as having 
its array equal to the sum of two circulant arrays one of which is symmetric with 


respect to the secondary diagonal and the other with respect to the primary 
diagonal. 
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MUIR, T. (1881). 


[On circulants of odd order. 


Quart. Journ. of Math., xvii. 
pp. 261-265. ] 


The main theorem here established is that the cofactor of 


& + a, +... + Fen41 
in C(a,, ag, - + » Anti) 18 expressible as a symmetric determinant of 
the n' order whose distinct elements are the 4n(n-+1) differences of the 


cyclic sums 


ie} 2 fe) ° 
Da,2, Daas, Layas, - - 


fe} 
ean 


Calling these cyclic sums A,, Ay, As, Aa, in the case where 1 is 3, 


and multiplying C(a@, de, - - 


_ , az) by itself in the form obtained by 


diminishing each row by the immediately preceding row, we find 


(C,)? wre 


Here the increa: 


A, + 2A, + 2A3 + 2Ag; 1.€. 


A, As A; 
A,—A, A,—A, Ae—As 
ASA, Ag, AAD 
A,—A, A,—A, A,—A, 
: A,—A, A; —A, 
/A,—Ay . A,—As 
A,—As As—Ag 


A, IN) A, A, 
Acton ah eee) BALSA AG A 
Re A SA een AG 
Roos A. Ana ATE AA WN she, 
eae a ae ay 
A oaks AeA: Ah Agee AS 
Ancol wel Aceh A dae Agee A, |. 


is a factor, and the full result takes the form 


(Cx)? 


= (A, +4,+.-- +a,)? 


if for shortness’ sake we write 


a, By for A,—Ae, 


Cae ial We 
Cea 

—8 —a at 
—+ —3 —a 
ssa Admit 

oY, ay’ 


A, as As, 


sing of the first column by all the others shows that 
(a,+@.+... +z)? 


a ed oR 
Y =a 
poy 
Wore vieke aN 
=O a VG 
—8 —a a 
Agim 
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Multiplying this new determinant by 


Lenin anlesieet ‘ip 
iin l ahs Oe 
iP hee A oe 
[sre Dad wpeel ¥ 
1 | Re Theale 
lis. Palen ee ee 


in succession we obtain 


(C,)2 = (Sa)?} a B Vine 
B atBty Bty 
y Bty ats 


| 


Y Pee 8 Vaal 
cay Y tia SPY ee ay 
Bog ht Mice + te You tye aes 


and thence 


as desired. 

The latter part of the proof is seen to turn on the transformability 
of a certain six-line persymmetric determinant into the square of a 
three-line axisymmetric determinant, and this property is stated to 
hold for a persymmetric determinant of the (2n)' order whose 
distinct elements are 


— Ag, ++, hy, 0, Any +++ 5M, ~My,.++5-~M, 0, Any. + +53, 
the elements of the n-line axisymmetric determinant being of the 


form 
Ay + Angi +--+ + Anger. 


TORELLI, G. (1882). 


[Sui determinanti circolanti. Rendic. ... Accad. delle Sci. Fis. 
e Mat. (Napoli), pp. 3-11.] 


This paper, following avowedly on those of Glaisher and Scott 
and Muir, contains important generalizations. 
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The first theorem is to the effect that any circulant of the (rs) 
order is expressible as a circulant of the s order, and each of the 
elements of the latter is an aggregate of x-line minors, r°~* in number, 
of the former. Torelli’s proof, which is the natural extension of 
Glaisher’s, is stated in perfectly general terms. We shall, for the 
sake of greater clearness, apply it only to the case where rs = 15, 
the elements of the circulant being 

Gps Cede gens, die 


The fifteenth roots of 1 are the three third roots of each of the five 
fifth roots of 1, so that if y,, y2, ys be the third roots of 1 and 
€1, €)---» €5 the fifth roots of 1, the fifteenth roots of 1 may be 
represented by f 

yer, yee, Yoe1? 3 ye" Y260°; Ys6s° 3 By 10 yess Yoe5"s Y2e5* 
and the first of the fifteen linear factors of the given circulant by 

a + g(yre18) + ds (yer)? "i ay(yr61°)* fe. + ys (yser*)™. 

But this, by attending to the powers of y,e:* and rearranging 
accordingly is equal to 
(4, +G4e1 tage? +y9612 +1361) + (G2 45e1T- -+4y4¢1") yer" 

+ (d3+4ge1+- + +ayser‘)yier 
and as the second and third factors differ from it merely in having 
Yo, Y3 respectively for y;, the product of the three is the circulant 

Gy +Gge, +> Sas (dy+ds5e,+. . Jee (a3-+ge,+- . Jee 
(d3+ae,+- . ey a, +a4e,+. at (a. +45€, +. . ey? 
(dg+d5€,+- . Jes (a3+4¢e,+- . Je? G,+Age,+. . . 5 
which, by multiplying the rows in order by ¢,°, e,3, e,*, and there- 
after dividing the columns in order by the same, becomes 
a@,+@4e,+.-- Ag +G5€,+. - - Ag+Age, +. - - 
(@,+dge,+- . Jey a, +a4e,+- oe ag +ds5e,+- oe 
(dy-+As5e,+. . ey (dg +Qge,+- . ey a, +a4e,+- tie 
Performing the multiplications by e,, we see this to be equal to 
ay +aye,+- . mi dye.: as +dse;-+. . tanuet a3 +ae,+.- . -+a,5¢14 
Qy4+A2e,+- . .+ay,6;4 45 -+3€,+- . PG ce," a, +d4e,+. . +4361" 
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and therefore to be expressible as a sum of 5° determinants with 
monomial elements which can be grouped so as to take the form 

i? 4. Qe, ++. ie, = Se? a dy-F ee 


where each of the coefficients of the powers of e, is a sum of 5%} 
such determinants. It is next observed that the fourth, fifth, sixth 
linear factors of the given circulant differ from the first, second, 
third merely in having e, in place of e,: their product therefore is 


P + Qe, + Re? + Se? + Te! : 
and hence finally the product of the five triads is equal to 
C(P, Q, R, S, Ty 


as predicated. Here r is 3 and s is 5. 
Had we written the first linear factor of the given circulant in 
the form 


a, + A, (evy1°) 5 as (eyy1*)? -FAeete ays (ey1*)"4, 
we should have changed it at the outset into 
(Q,+4gy1 +4171") + (G2+Oy1 +aysyy)eyy1* +... + (45+Ay1 +A sy1)e*y?, 


and so have obtained for the product of the first five linear factors 
the circulant 


C { (4, +¢yi +41"), (42+ary1 +ayy1) > pees (A5+O971 +1571") yi*} . 


This by multiplication of rows and division of columns we should 
have changed into 


A, +Ogyi +4? A +O tOey? -.. Ast+oyit+Gsyr 
As +asyitQoyr % +4eyitauyr +--+ A+dg ¥1+Quyi? 
Aya tAgyi +g VP U5t+4syitGoyi --- A3+Ag yi tdsy1? 
Ayyt+AgVi+dg Yi" yg t+Qgyitdy yy> «++ Gy +Aq Yi t+yey1? 
Ayyg+Oryi t+, y1 Ustasyitdg yy... G+ yi tan yi? |, 


from which we should have passed on to the form 
X + Yy, + Zy/’. 


Thereupon we should have seen the product of the next five linear 
factors to be 


x a Yy.+Zy,, 
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and the product of the last five to be 
X + Yy3 + Lys"; 
and therefore the product of the whole to be 
COX NY, 2). 
Here ¢ is 5 and s is 3. 
From this transformation of a circulant of composite order into 
one of lower order Torelli proceeds to deduce a circulant factor of 


the original. Thus, having reached C(P, Q, R, 8, T) as an equivalent 
of the fifteen-line circulant, we know that 


P+Q0+R+4+5-+T 
must be a factor of it, and, looking back at the three-line determinant 
whence P, Q,. . . originated, we see that their sum equals 
C(ayt+agt. «+43, Getdst. - ++, Ag+de+. . +445), 
which is the factor desired. In like manner from the existence of 
the form C(X, Y, Z) there is obtained the factor 
C(ay +45 +1, iy +0, +Ay2, Ley As+y9+445). 


The same result is established by operating directly on the original 
circulant; and this procedure has the advantage of giving at the 
same time a convenient expression for the cofactor. Thus, by per- 
forming on C(a;, a, --- >» d,;) the operations 


row, + row, + row, + TOW9 + TOW)3 

row, + TOWs +--+ 

row, + rOWg +--+; 
and writing 
foe 6 108 Gy Oa en Os Gg toe mes 1 Og hn ens 
we obtain 

g coma S 
esa aaa’ nn Ss a 
Pie (tase hy aes 


G13 Fg M5 M% FH 4% 4 Gs Me G, Gg My yg M1 Aye 


Ay Gg A Ge Ue A Mg Ag My A U2 %3 MMA Qy5 
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By column-subtraction twelve corresponding elements in the first 
three rows can then be made 0, and the determinant resolved into 
two; for example, if we choose the last twelve elements there is 
obtained 


C(é, n, €) + |@y —GQyg3 Wy —Qyy Ag—Qyy Ay—A, ... Ayg—My 
Ay5—Ayg Ay —Ayg Ag—Ayqg Ag—Ayy ..- M1 —Ag 
Aya—Qq1 %5—Ayq Gy—Ayg Ag—Ayg «+--+ Ug—Qy 


Since 3 is prime to 5, the pair of circulant factors can themselves 

have no factor in common save a@,+d,+. . .+@,;, and therefore 
(a, tag+. . .+a45)C(a,, da, . ~~ , G45) 

must be divisible by the product of the said pair. As an expres- 
sion for the resulting quotient, which must be of the eighth 
degree in the original elements, Torelli obtains a determinant of the 
eighth order. He also extends the reasoning to a circulant having its 
order-number resolvable into more than two mutually prime integers: 
and finally makes application (§§ 8, 9) of his results to generalize 
Stern’s cofactor theorem of 1871 and a theorem of Kummer’s of 
1851 on complex numbers. 

It will suffice to add that throughout his paper Torelli makes 
due reference to the corresponding results regarding skew circulants 
(‘‘ gobbi circolanti ”’). 


MUIR, T. (1882). 


[A proposed general method for the solutions of equations. Proceed. 
Philos. Soc. Glasgow, xiii. p. 616.] 

The property proposed to be utilized is the resolvability of 

C(x, a, 6, c, ...) into linear factors and the consequent solubility 


of the equation 
C(@,.4, Of.0, 4.) eet, 


The paper was withheld from the printer, as it was found that 
Cayley had in effect already applied the process to a specialized 
quintic in the Quart, Journ. of Math., xviii. pp. 154-167. A. Legoux’ 
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paper, ‘ Sur une application d@’un déterminant,’ which appeared later 
in 1882 (Quart. Journ. of Math., xix. pp. 41-43) concerns the same 
proposal.* 

BHUT, A. B. (1882). 


[Question 7072. Hduc. Times, xxxv. p. 155: Math. from Educ. 
Times, xl. p. 48.] 


The problem is to find a, y, 2, v from the equations 


eas y 2 u Zu % ue -¥ 
ucyl|=a, |v y z|=., ly 2 wu ie Ne oe | ae, 
Zu 2 Vie | x Y¥ 2 yuu 


and it is not observed that this is the same as to express 2, Y, 2, 
in terms of their complementary minors in C (a, y, 2, u). Calling 
these when signed X, Y, Z, U, we have from the theorem regarding 
a minor of the adjugate 


Ree peal 


ae NE WA 
PEK Va ea cee EC 
eramecilt aloes” 
Baan | 

and therefore 

Niecy 07, KY = Le alae 
hime SOWA 

toe dX pa Nolte 
zu Xx patie XY 
Vee Zan &. 


The corresponding set of equations in the case of three unknowns 
is much older; one appearance was in a Cambridge ‘ tripos ’ paper 
of 1860. 


CESARO, E. (1883): NEUBERG, J. (1883). 
(Question 245. Mathesis, iii. pp. 118-119; vi. pp. 60-62. ] 
[Question 273. Mathesis, iii. p. 192; vill. p. 215; x. pp. 117-119.] 


These concern special circulants which have already been fully 
dealt with. 


* The still earlier paper noted above on p. 360 came to light at a much later 
date. 
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FORSYTH, A. R. (1884). 


[On certain symmetric products involving prime roots of unity. 
Messenger of Math., xiv. pp. 40-56.] 


Forsyth begins in effect by equating two forms of the eliminant of 


a — pal + poy? — ... = (x—a,)(%—a,) ... (—a,) = of 
x’ —1 = (x—w,)(t4—w,) ... (t—w,) = OJ, 

obtaining naturally 

IT (apy...) = (—1)"¢#9. (1—a,')(1—ag!) ... (1-a,"), 


and when s = 3 
C(c, 7, v) = (1—a,}) (I =a,*) By a (1—a,#), 


where 
Gi D2 ps Ves on ee 
Te Dy ie ee eee 
Bias Pe Ps toe See es 


Three paragraphs (pp. 43-46) are then devoted to the evaluation 
of circulants. The procedure adopted is essentially the same as 
Minozzi’s of 1878. As illustrative examples of its effectiveness the 
five-line and seven-line circulants are taken, the result in the former 
case agreeing with Glaisher’s, and in the latter being new. 


MUIR, T. (1884). 


[Note on the final expansion of circulants. Messenger of Math., 
xiv. pp. 169-175.] 
The mode of expansion referred to is that used by Minozzi and 
Forsyth, the main object being to correct, if necessary, the latter’s 
expansion of C(dp, @,, G2, . . . ), or, say, C(0, 1, 2, 3, 4, 5, 6). It 
is first pointed out that the procedure is considerably shortened by 
using an additional property, namely, that when 
Aatafatasasasa? 

as a term of the expansion, then also is 
Aapanatasa‘acal 

a term, where m, n, p, q, r, 8 are numbers less than 7, and such that 


m, 2m, 3m, 4m, 5m, 6m = m, n, p, q, r, s (mod. 7). 
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Thus, having got the term —27a,°a,?a9a, in the expansion of 
C(0, 1, 2, 3, 4, 5, 6), 
we operate on the suffixes 1, 2, 3 by multiplying in succession by 
the numbers 2, 3, 4, 5, 6 and casting out the sevens, the result being 
the new sets of suffixes 2, 4,6; 3,6,2; 4,1,5; 5,3, 1; 6, Dae. 
and so finally the complete set of terms 
— 27 043 (d,2d gy +g? yttg +A3°U pty + gly 32g +Ug2As(t4). 

The “‘ reason of the rule” is that 

CEs ees ay, (8) 


I 


as we can show either by transposition of rows and columns, or 
by considering the circulant in its form as a product of seven linear 
factors and using the fact that, if w be one of the imaginary seventh 
roots of unity, w%, w®, w4, w°, w° are the others. 

A caution is then given that two terms having apparently the same 
form have not necessarily the same coefficient ; and as an illustration 
+4 ig shown that in Forsyth’s expression half of the terms with the 
coefficient 35 should have the coefficient —14, and that the coefficient 
of his final term should be changed from —448 to —105, the whole 
expansion then being 

Say? 
— TDag3( dag +4945 +4344) 
in TZagH(ay2as +923 +057 +4" 4 As"dy +46") 
+14 Dag#(ayGo%4 +4345) 
Se al Sag(a,2a6° +a,3a5* +4304’) 
—21 Dag?(a2d gs bn 2A gig TOg2Uiga +475 +O5 Wat +g2a,04) 
+14 Da 3(ay2a? +205? +05°d”) 
fT Lag? (Ay Uy gUp +A gat g5 + Aggt 4) 
— TLdg(Ay797aq" + ds" As") 


i) 
435 Daig?(Gy2Agh ys +A27Ag 143 + Gg"Ga(t501) 


ie} 
— 14 Dtg?( G42 24g +4274 45 +-dg2dgsQ4) 


4 5 
— 105d 9A Ayb3VaA5%e 5 
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or, with the help of the fresh property, in the still more condensed 
form 


5 4 2 
— TOG 4 by + 6p =r 10 4 .by +5 = yd ): 


Yl i 


where every ee greater than 6 is to be made less than 7 by sub- 
tracting a multiple of 7 from it and duplicates are to be neglected. 

An entirely different mode of saving labour in the computation 
rests on the fact that all the terms which contain an element in the 
first power can be got by evaluating a zero-axial determinant of the 
next lower order. For example, since every term of 


C(dq, A, Gy, As, dy) 


is of this kind except da,5, we evaluate 


De a es ie | 
Uy . GA Ue! 

Gy Gg. « 5 Gy! 
Eee ry ee ws 


and thus finding the cofactor of a) to be 

— 5 (ayPag +g? +038, + 43dg) + 5 (ay2ag?+-4.25”) — Bud ggg, 
we obtain the full expansion 

Da, 5 Day? (adds) -|- Day? (4,73 +471) — Saga Agigity. 
In the case of the seven-line continuant the saving is almost quite 


as great, since in addition to Say? the term 14Sa,8a,2a,2 is the only 
one that does not involve a first power of an element. 


STUDNICKA, F. J. (1884). 


[O Y¥eseni rovnic tietiho a étortého stupn® pomoci determinantt 
cyklickych. Casopis pro péstovant math. a fys., xiii. pp. 225-233. ] 
The subject is the same as that of Muir’s paper of 1882, the cubic 

and quartic being taken as examples. 


WARD, P. ©. (1885): MUIR, T. (1886). 
(See under this heading in Chap. XIII.) 
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MUIR, 'T. (1885). 


[Detached theorems on circulants. Trans. Roy. Soc. Edin., xxxii. 
pp. 639-643. ] 


The first of the theorems is that if in a circulant the element in 
the place (p,q) be by the nature of the circulant the same as the element 
wm the place (r,s), the complementary minor of the former element is 
to that of the latter as (—1)"*:(—1)+4, But more than this is 
intended to be brought out, namely, that by cyclical transposition 
of rows and columns the element in the place (r,s) may be made 
to take the place (p,q) and the determinant be in outward form 
exactly the same as before. The second theorem is Stern’s of 1871, 
although not so credited. The mode of establishing it is to alter 
the first column of C(a, 6, ¢, d, e) so as to make it possible to remove 
a+bw+cw?+da?+ew* as a factor, and leave 


1, w, w*, w?, w4 


for the elements of the column. The third theorem is that if the 
linear factors of a circulant, say of the fifth order, be a, B, y,..., 
and the complementary minors of the elements of the first row be 
A, —B, C, —..., then 


C(aBysd, aBye, aBde, ayde, Byde) = 5°ABCDE. 


This is proved by using the preceding theorem five times over in 
the form 


A+oE +o*D + oC +B = Byée, 
A+o°H + !D + oC +0°B = ydea, 
and thence obtaining the linear factors of 

C(aBy6, aBye, aBde, ayde, Byde) 


5A, 5B, 5C, 5D, OE. 
The fourth theorem is that 2f the elements of the first row of a cir- 


in the form 


culant of the n order be multiplied by w, w°1, ..., w respectively, 
the elements of the second row by w°~', w"~*, ..., w, w" respectively, the 
elements of the third row by w°~*, w'*, ..., w, , w" | respectively, 


and so on, where w is any n" root of wnity, the circulant vs unaltered 
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in value. Here for proof we have only to multiply the rows in 
order by w°, w!, w®, w*, w', and then divide the columns by 
w®, wt, w°, w?, w. The fifth theorem concerns skew circulants, being 
the analogue of the same author’s theorem of 1881 regarding 
ordinary circulants. 

In order to throw light on the law of the coefficients of the final 
expansion of C(a, b, c, d, e), the determinant 
aa 08 cy dé ee | 
eB ay bd ce da 
dy e6 de ba cB 
cé de ea af by 
be ca dB ey ao 


is framed by attaching to each element of C(a, b, c, d, e) the 
corresponding element of (—1)**#+41C(a, 8, y, 6, e). This, which 
degenerates into the ordinary five-line circulant on putting 


@=b=c=d=¢=1 .0f a=Pevy =o =e 


is found to be equal to 
Sas. aByde — Sarve . Satyd + Sard . SarBy? 
+2a° -abede — Ya3Ge . Sared + Sa2824 See 
where all the coefficients of the ordinary circulant except the last 
are in a manner “ sifted” into their unit constituents. 


l0abede - aB-yde, 


SCHRADER, W. (1887): SPORER, B. (1887). 
[Beitrage zur Theorie der Determinanten. vi+156 pp. Halle-a-S.| 
[Kiniges tiber gewisse Determinanten. Math.-naturw. Mitt. (Tiib- 
ingen), li. pp. 106-107.} 


In the section on circulants (pp. 87-94) Schrader gives one fresh 
evaluation, namely, 


{1 wks (n+1)a}" = (—na"-*)" 
(1—a")? : 
where we may note that the evident factor on the left, 


1 + 2a + 807 +... + nat}, 


C(1, 26, 308, .. <5, 20%s)) ee 
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and the evident factor on the right, 


nat — (n+])a"+1 
(a—1)? 


are equivalents. 


It is the well-known case of this where a is 1 that the other writer 
deals with. 


ROBINSON, L. W. (1889): THYAGARAGATYAR, V. R. (1899). 
[Question 10254. Hduc. Times, xli. p. 3382: Math. from Educ. 
Times, liv. p. 54.] 
[Question 14240. Hduc. Times, lii. p. 270: Math. from Educ. 
Times, \xxii. p. 56.] 
Already known results. 


ROGERS, L. J. (1891). 
[Question 10992. Hduc. Times, xliv. p. 199.] 


This concerns the first primary minor of C(a, 6, c, ...) when 
a+b+c+...=0, the problem being to resolve the said minor into 
linear factors. No solution ever appeared. Probably the proposer 
had in his mind special circulants of the form 

C(a—b, b—c, c—d, d—a), 


the first primary minor of which is 


a—b b—e | c—d ROR OR 
“oe ow 
d—a a—b b—c\| and 7. = 
dd b oO @ 
eB ese gal velar, 


so that its factors are factors of C(a, b, ¢, d). 


RAVUT,  . (1894). 


[Résolution des équations des deuxiéme, troisiéme, et quatriéme 
degrés en prenant pour point de départ l’équation identique 
de Cayley sur les matrices. Assoc. Frang.... (Caen), xxiii. 
pp. 285-294. ] 


The method reached from the starting-point mentioned is essen- 
tially that referred to above under Muir (1882). 
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WOODALL, H. J. (1894). 


[Question 12426. Educ. Times, xlvii. p. 305: Math. from Educ. 
Times, \xiii. pp. 35-36. ] 


The real point of interest here concerns the product of two cir- 
culants. If the circulants be zero-axial, the ordinary multiplication- 
theorem, though of course producing a circulant, does not produce 
one that is zero-axial ; so that, strictly speaking, the product is in 
this case not of the same form as its factors. It is shown, however, 
that what is not true of the zero-axial circulant is true of the 
zero-axial circulant divided by the sum of its elements. Thus, by 
row-multiplication 


a b Ry ax -+by ba ay 
6b . a@l-ly . «| = ay axc+by bx 
hood ae ao ae bec ay ax +by |, 


and consequently, on removing the factors a+-b, w--y, (a+b) (x+y) 
from the three determinants respectively, we have 


Lee Lee) 1 1 1 
b . a@l*ly ...%| = |ay az+tby bx 
ab = 1 Pe bx ay  ax+by |, 


where, by diminishing in the determinant on the right the second 
and third rows by ax-+-by times the first, there results 


1 1 I 
ay —ax —by : ba —ax —by 
br—ax—by ay—ax—by 


In other words, 
(a? —ab +b?) (x*—ay+y?) = P? —PQ + Q?2, 
if P, Q be taken equal to bx —ax—by, ay—au —by respectively. 


MUIR, T. (1896). 


[On the resolution of circulants into rational factors. Proc. Roy. 
Soc. Edin., xxi. pp. 369-382. ] 


Viewing the circulant C(a,, a, ..., a,) as the eliminant of the 
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equations 
aye + aoe"... +a, = 0 
le () I 
the author concludes that corresponding to every rational factor of 
x"—1 there must be a rational factor of the circulant ; and his object 
is to determine such factors and to present them, when found, in 
the most convenient forms. The means employed for the purpose 
is dialytic elimination. 
Thus, to begin with, Catalan’s factor corresponding to 
(o"—1)/(e—1) 
is obtained by deducing from the equations 
ax*+-ba?+cx?+dxu-+e = 0 
gtoetetotl = 0 } 
the cubic 
(b—a) «® +- (c—a) 22 + (d—a) x +-(e—a) = 0, 
thence by cyclical substitution three other equations, and finally 
b—a c—a d—a e—a 
c—b d—b e—b a—b 
d—c e--c a—c b—c 
e—d a—d b-—d c—d|, 
which being inherently persymmetric* is more conveniently written 
P(b—c, c—d, d—e, e—a, a—b, b—c, c—d). 
The process is then extended to find the factor corresponding to 
(1) [(a?—1) ; 
in other words, to find the cofactor of 
(a, ++... + Gm) (G—Gy+43—.. . —gm) IN C(a,, Gg, . . - 5 Gem). 
Thus, in the case where 2m = 8, from the equation 
az? + ba® + cx’ + dat + ex? + fa? + 9x +h = 0 
the seventh and sixth powers of x are removed with the help of the 
other equation 


ge tgit?til = 0, 


* The operations required for the transformation are 
col,—col,, col,-cols, col; — col, ; 
and in the case of the determinant on next page 


col,—col,, col,—col,, colz—col;, col,—colg. 
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the result being 
(c—a) x + (d—b) x4 + (e—a)x* + (f—b) a? + (g—a)x + (h—b) = 0, 
whence by cyclical substitution and elimination we obtain 

c—a d—b e—a f—b g-—a h—b 


d—b e—c f—b g-—c h—b a-c 
e—c f—d g—c h—d a-—c b—d 
lf d g—e h-—d a—e b-d c-—e 
lg e h-f a-—e b—f c—e d— 
h f a-g b-f c-—g d—f e-7|}, 


which, again, can be expressed persymmetrically, namely, 
P(c—e, d—f, e—g, f—h, g—a, h—b, a—c, b—d, c—e, d—f, e—9). 
In the next place, the factor of C(a,, da, a3, 44, 45, @g) corresponding 
to the factor x?+2-+1 of «*—1 is obtained. We simply, as before, 
remove in order from the equation 
a,x° + a.v* + ase? + az? +a;7 +a, = 0, 
with the help of the equation 


e@tet+il= 0, 
the fifth, fourth, third, second powers of x, with the result 
(45 —Ag-+@—A,) x + (4g—@,4+a;—a,) = 0, 


whence the eliminant 
As3—Agt+A,—Q, Ag—Ay+a3—4, | 
Ag—As+Ag—Ag A,—As+4—Ay |, 
which, as before, can be expressed persymmetrically, 

Proceeding in this way, the prime factors of the circulants up to 
and including that of the tenth order are calculated, and are tabu- 
lated for reference. By reason of the persymmetry and the notation 
for it, the table occupies only one page ; and it is pointed out how 
it might have been made still shorter by using the fact that when 
once the first element of any of the persymmetric determinants is 
obtained, the others follow at once in cyclical procession. For 
example, if we desire to have the factor of C(a,, do, ..., G49) corre- 
sponding to the factor x1+-a3+a2+2¢+1 of x19], and know from 
the table that the first element of it is Ay —Ag-+d,—d3, we have the 
whole of it immediately, namely, 
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Ay — Ag + Ag— Az Ag — Ug + Mg— My Ay — Ayg t+ My— 4s yy A+ As— Ag 
Gig — Uy +Og— My Ay — Aygt Gy- Ay Ayg— My +A5— Me dy — Agt Ag— Ay 
Qo — Aint Uy— A, Ayy- Gy +A5— Ag Ay — Ag + Mg— Gz Mg — gt Aq— Ag 
@ig— 44 + Us— Ug A, — Ay +Ug— 4, Wy — A3 + A_— Ag Ag — Agt Ag— Ay 

The process is seen to be general, and to consist in deducing from 
the equation of higher degree, by means of the other equation, an 
equation of lower degree than the latter, and in then using cyclical 
substitution and elimination. 

The next part of the paper, however, makes it clear that the 
same results can be obtained, when known, by operating on the 
circulants themselves in accordance with the laws of determinants. 
Thus, from the eight-line circulant it is shown how to remove the 
second linear factor after the first, and how then to resolve the 
remaining six-line determinant into the two previously found per- 
symmetric determinants of the second and fourth orders respectively. 

Finally, the results are applied to the special case of circulants 
whose elements, when the first is left aside, read forward the same 
as backward : and it is shown that, when from such circulants the 
rational linear factor or factors are removed, the remaining factor 
is a complete square. This is possible from the fact that the per- 
symmetric cofactors above obtained are then zero-axial and skew. 
Thus it is found that 

C(ay, Ay, Wg, G4, Ug, Ug, Gs) 
== (4 42a, -+2a3 +24) | Azg—M, A,—Ag A,—M_, Ay—A, 3 Ag 
Agz—A, Ge—Az —Ag ,—O, 
Az—A, Gg—Mg ,—A, 
dz—A, ,—s 


and that 
C(a,; Ae, 435 Ay, U5, Gy, M3, dy) 
= (a, +2a, +203 -+2a4 +45) (a, —24, +243 —2a4-+45) 
-|d@g—@, Gy—Ag A3—A3 : iz —As |? 
Ag—A, My—M_, A,—As 
Aiz—A, Gy—A, 5 —A3 
Az—A, M,—Ay 
a3 — Ay 
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Further, it is shown that such circulants being centrosymmetric 
can be resolved into factors in quite a different way, the repeated 
factor now appearing not as a Pfaffian but as a determinant; so 
that by the equatement of the two resolutions we obtain equality 
between the two determinants 


As =O, ay (Og Ag —A3 Qs =O, ay —As5 Qs —a, 
Gg, Ug—Ag A}, ag—A, Gy—A, 1, —A3 


and the above-given Pfaffians respectively. 


ANDRE, D. (1896). 


[Théoréme nouveau de reversibilité algébrique. Bull. Soc. Math. 
de France, xxiv. pp. 136-139: Intermédiaire des Math., iu. 
pp. 214-217.) 


The theorem here accurately stated and carefully established may 
very conveniently be put in much smaller compass, namely, Jf any 


two circulants, C(x,, Xs, .--,5 Xn), C(y1, Ye. ---> Yn) be so related 
that 

Ape Leet 

YC) Ye eens 
then also 

fd ee 3, meen 

Y, Y, “ae Ys" 


To prove it we have only to denote the common ratio of the first 
set by 1/r, insert rX,, rXg, ... for y,, ye, ... in C(y,, Yo, ~-- > Yn) 
and use Jacobi’s theorem regarding a primary minor of the adjugate. 


BICKMORE, C. E. (1898). 


[Question 13748. Hduc. Times, li. p. 40: Math. from Educ. Times, 
Ixix. p. 85.] 


The result here recorded is that the skew circulant of the fourth 
order, C’(a, y, z, w), whose final expansion is 


at + yf + 24 + wt + 2(x%2?-+-y2w*) + 4 (a?yw—y2za—22wy +waz), 
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is expressible in each of the forms 
a4-67, c?+2d2, e? —2f?, 
where a, b, c, d, e, f are definite quadratic functions of 2, y, z, w, 


namely, 
a? + 2yw — 22, y? — 2x — w?, 


xe? —y® + 2% — ww, xy — yz +ew + we, 
e+ y®+ 2% + wy, xy + yz + 2w — we. 
_This is reached by taking the four linear factors 
w+ fy + Se + Sow, a + Oy — oe + Cu, 
paar rea 0,8 Peat = Ce Cop 
of the circulant and multiplying them in the three different ways 


as a pair of pairs. For example, the product of the first and second 
factors being 


xe? — y® + 2? — uw? + (+6) (xy—yz+ew+v2), 
and the product of the third and fourth being 
a — y? + 2 — w — (E+¢°) (ay —yz+2w+ur), 
the product of the four is got in the form 
(a? —y? +22 —w?)? + 2 (xy —yz+2w-+wa)?. 


We note for ourselves that by the multiplication-theorem we obtain 
Loe Tes hia (as ald ile 
—w & Uf ok fe eb f 
—z —w x“ y af Shel seind Racele Sf, 
—y —2 —w & —f aware 
€ 
Ve 2f F : of = (e2?—2f?)2 ; 
mal whi eave 
also 
Ge lh aes en tC ey —w Cred —d 
—wW © Y 2% —w—-“x y —2 —d —c d 
—z2 —w au y aie um tema ee cn A eg 
—y —2 —w x —y 2 —w —2 —d , —d -c}, 
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1.€. 
C' (a, y, 2,w) -(—1)?C' (a, y, z, w) = (+247)? ; 
and 
an nee Te Le W—2 4 C= ee 
—Y 2 Y z —w2z2-y ©&£ . —b . a 
—z2 —w ne y —2 y-e@—wi) |b . —a. 
—y —z2 —wa2| |—-y &© Ww —2 ot ee wok 
10. 


C’ (a, y, z, w)-(—1)20' (a, y, 2, w) = (a?+0*)?. 


FONTENE, G. (1898). 


[Sur un systéme remarquable de » relations entre deux systémes 
de n quantités. Nowv. Annales de Math., (3) xvii. pp. 317-328. ] 


The interest here lies in the fact that a set of homogeneous linear 


equations in 2, Ya, ... , Z whose determinant is C(a,, dg, . . « » Gn) 
is also viewable as a set in a, ds, ..., @, Whose determinant is 
C(a,, %,..., 2). The close and full study made of the set does 


not, however, lead to the evolution of any fresh property of 
circulants. 


STUDNICKA, F. J. (1899): NEUBERG, J. (1899). 


[Beitrag zur Theorie der cyclischen Determinanten. Monatshefte 
fiir Math. u. Phys., x. pp. 193-197. ] 
[Question 1241. Mathesis, (2) ix. p. 240; x. pp. 100-101.] 

The results of the first paper here are Roberts’ of 1859 and Baehr’s 
of 1860; that of the second is Painvin’s of 1858. 

Studnitka also evaluates the skew circulant which is twin to 
Baehr’s, and thus arrives at a case of Scott’s theorem of 1880 
regarding any odd-ordered skew circulant. His paper seems to 
be a second edition of the first part of one published in Czech in 
1898 (Véstnik Ceské Akad...., vil. pp. 477-493).* In a miscel- 
laneous paper in the latter serial for 1899 he gives (pp. 199-201) 
the theorem that the circulant whose elements are the coefficients of 
(a +b)" is 2” or 0 according as n vs odd or even. 


* The title is ** Nové poutky o nékter¥ch determinantech zvla&tnich.” 
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BLOCK CIRCULANTS, FROM 1881 TO 1898. 


MUIR, T. (1881). 


[On new and recently discovered properties of certain symmetric 
determinants. Quart. Journ. of Math., xvii. pp. 166-177. ] 


Fresh light is here (§ 6) thrown on Puchta’s determinant of 1877 
by pointing out that it is centrosymmetric and breaks up into two 

determinants that are centrosymmetric, that each of these breaks 
up in the same way, and so on: the linear factors of the deter- 
minant are thus got with the greatest readiness. Further, it is 
shown that the same determinant includes as a special case Brioschi’s 
of 1853 (Hist., ii. pp. 133-156). 


To be noted also is the reference (§ 9) to the determinant 
Cy APO 
PGS EN BPD 
Gace G candin | 
GA yo neti Rees Ie 
poh Peake GOLD 
EMO ef 10 Gr Gi. 


which may be viewed as formed by cyclically permuting the arrays 
of the circulants C(a, b, c), C(f, e, d). On reversing the order of 
the last three rows and the last three columns, we find it to be 
centrosymmetric and resolvable into 


C(a+f, b+e, c+d)-C(a—f, b—e, c—d). 


PUCHTA, A. (1881). 


[Ein neuer Satz aus der Theorie der Determinanten. Denkschr... . 
Akad. d. Wiss. (Wien), xliv. pp. 277-282. ] 


Puchta here extends his own work of 1877 (Hist., 11. pp. 388-389). 
He is uninfluenced by and apparently quite unaware of what Noether 
had done in 1879, proceeding leisurely as before from one case of 
his so-called new theorem to another, and doing this without any 
reference to elimination. The theorem itself he leaves unformulated, 
and indeed insufficiently described. In all probability, however, 
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what he has in his mind is identical with the generalization given 
in Noether’s second paper. 

His first example is a nine-line determinant stated to be in illus- 
tration of the case where the order-number is the square of a prime. 
The elements composing every row being 


GOL Gd. ffs Uae 


he begins by constructing the circulant arrays 


(im 0iee dintwih; Jivly 4 
¢ waicd ijt dae te Gouh 
b cana; emt <d; how g; 


he then cyclically permutes these, and finally brings the whole nine 
arrays together so as to form a single determinant, the result being 


b d h 


a c en ye hg a 
61 ah fe Cie eres 
6 Goa rer Tad. hee eg 
Qik 4% Gb Ge are 7 
tld fo. 10. DeLee 
hier. 620 @ bey oa 
ad” € ff iG Wi tenG vere 
Pare a cer 
ef @o he airy bere 


We may for convenience call it a block circulant, and denote it by 
C(abe, def, ghi). 


The linear factors of it Puchta obtains by taking the coefficients of 
a, b, cin the linear factors of C(a, b, c), namely, 


1s leet 
Laie as 
Ley ays 


(where of course y is a primitive third-root of unity), and multiplying 
each element of this array, L say, by the array itself, thus reaching 
baiji pal 
L yL y*L 
LD Yireyi: 
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This is understood to stand for the nine-by-nine array 


ieleee a Ieee GLa Yael el 
Ligvamey, wilfesiValeY a duty sa? 
LC ee ae ere Vary len ty vy 
Leeely Sele By? tyatay: ay" dary? wy? 
Limiey Miryes ey tise Lee ylee: Lary 
Ye ee LEE yess BE 
ie er aE ye eee BY, 
en a ae 
Leave) oye ey ey 


each row of which when multiplied by 
Cad TRS A ae 


gives one of the linear factors desired. 
His next step is to the case where the number of triads of elements 
is five: in other words, to the block circulant 


C(abe, def, ghi, gkl, mno). 
Here the only difference is that L is used to multiply each element of 
ie) | ak 


1 
1 
1h 675) Gran ene 
1 
1 


Ga) Gis Cab.€3 
—the array which corresponds to L in the case of the five-line 
circulant. In connection herewith there is noted as a result of 
transposition of columns the interesting property 
C(abc, def, ghi, 9kl, mno) 
= C(adgjm, behkn, cfilo). 
In the third place he states that the order-number of the deter- 
minant may be even, the example taken being 
C(abe, def), 
where to obtain the factors, L is used to multiply each element of 


the array 
1 1 


—l. 
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The mode of proof relied on throughout is verificatory, any par- 
ticular linear function of a, b, c, ... obtained in accordance with 
directions being shown to be a factor of the determinant by 
increasing the fresh column by suitably chosen multiples of the 
other columns. 

The paper closes with the remark that it is easy to see how the 
property dealt with may be extended to determinants of order 
mnfpy ... having mn®py . . . linear factors. 

For ourselves we note that Noether’s is just such an extension 
as is here referred to, and that Puchta’s three cases are in our 
notation (Hist., iii. p. 392) the eliminants of 


(1, a, @)(1, y, y*) Ya, b,c, d,e, f, 9, h, 1) = 0 \ 


e= y=) 
(1, x, x*)(1, Y, y, ef", y')) a, b, C,...,M, N, 0) = 0 } 
oP == yore LAG 
((1, x, 2) (1, y)Ja, 6, ¢, de, f) = 0 \ 

a 


Further, it is necessary for us to give a warning that the arrays 
requiring to be permuted towards the formation of Puchta’s deter- 
minants are not always to be permuted cyclically. For example, 
besides the ‘ block circulant’ of 


a b e d Cus, g h 
ba dc f e hg 


there is included in the generalization Puchta’s eight-line deter- 
minant of 1877, which is composed of the same arrays differently 
permuted. The former is the eliminant of 


((1, 2) (1, y, ys y°) ha, 6, ¢, d,e,f,9,h) = 0 \ 
gt = yt 1) 


and has four of its linear factors involving / —1: whereas the latter 
is the eliminant of 


(1, @) (1, y) (1, 2) a, b, C, d, ha i 9, h) — 0 
aE Beenie ot) j 


and has all its factors rational. 
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HAMMOND, J. (1882). 
[Solution of question 5244. Math. from Educ. Times, xxxvii. p. 75.] 


The point worth noting here is that if A, B, C, D be the elements 
of the adjugate of 


aZ7b ed 
b d 
y 4 , : PEROLEA\SSay, 
as Ce Dea 


~ then 
A+B+4C+D = (a+b—c—d) (a—b+c—d) (a—b—c-+d) 
= A ~ (a+b+c-+d), 


A+B—C—D = A+ a -+-b—c—d), 
A—B+C—D = A ~ (a—b+c—d), 
A—B—C+D =A-+ ne b—c-+d). 


HAMMOND, J. (1882). 


[Question 7114. Hduc. Times, xxxv. p. 202: Math. from Educ. 
Times, Xxxviil. pp. 98-99.] 
This concerns the determinant 
Le OP 
b, a “dc 
Cold sraneo 
adices Of ta 
originally spoken of as * biaxisymmetric,’ but better viewed as the 
circulant of two two-line circulant arrays. The full result obtained is 
that if p, q, x, 8 be the linear factors of the determinant, and P, Q, R, 8 
the corresponding factors of its adjugate, then 
P = qrs, Q = prs, R = pqs, 8 = pqr, 


RS 
and je = = ; qs SS ge 0 ti oe 


These are made to rest ultimately on the fact that 
aA+bB+cC+dD = pqrs 
bA+aB+dC+cD = 0 
cA +dB+aC+bD 0 
dA+cB+6C+aD = 0 /; 


390 HISTORY OF THE THEORY OF DETERMINANTS 


for it is thereby shown that on the multiplication of any one of 
P; 7, ’, 8 by the corresponding one of P, Q, R, 8, both being in their 
quadrinomial form, the product reduces to aA +bB+cC +dD. 


PAIGE, C. LE (1884). 
[Sur équation du quatriéme degré. Casopis pro pestovant math. a 
Sys., Xiv. pp. 26-28. ] 
The solubility of 


a mR 8 
Sa) a 
She te watliok Ban, 


is here used in the same way as the solubility of C(z, a, 6, c) =0 
by others: and the next determinant of the same special type,— 
Puchta’s of 1881,—is noted as if for the first time, and its nine linear 
factors given. 


DEDEKIND, R. (1886). 
[Sctzungsb. .. . Ges. d. Wiss. (Berlin), 1897, p. 1007.] 


Frobenius, quoting a private communication of Dedekind’s, gives 
here by implication the factorization of a circulant of two three-line 
circulant arrays similar to that dealt with by Muir in 1881. Using 
p for a primitive third root of 1, so that 

C (ay, Xp) Uy) = (+ ag+a0) (2, + pXy+p*Xs) (1 +p*Xy+p%g) = UyUgs, Say, 
and 

C (aq, 55 Xe) = (4 +5 +26) (y+ ps +p7X—) (Tat+p*x5+ Xe) = VyVqUs, Say, 
and denoting the matrices 


(a. % % % % %) (1 —1 1 1) (m+ 

Yq L, Vy Vy Le Ly Lover] pt tee 6 - > U—t, . 

Ly Le L, Le Uy Ts 1 p* Ug Vy 

Ly Vy Ue %, Vy Vy Ley Lak V3 Us 

Ys Ly Ue Ve T 2s 1 lee Aueots: : : «ot tae 
Xq Ug Xs Ve Le U|, | 1 1 p* p : Us vs 


by X ; L U 
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he points out that 
2.4 SAM UR 
from which of course it follows that the determinant of X,—that 
is, the block circulant,—is equal to 
(Uy +21) (Uy —2) (U3 —VQVs)®. 


To this we add that by interchanging the 4° and 5 rows and 
the 2"¢ and 3" columns the determinant is made centrosymmetric 
-and resolves at once into 


Dy+Xe LgtX, Ly+V Ly — Xe Lz Xs Ly—X 
Lyg+X_ Lg+Xe %+%s|°|Xy—Xy Xy—X_e X—Xs 
Lgt%s L+% L_+Xe Ly—U, Ly —%_ Lg—Le 


as in the other case referred to. 


GEGENBAUR, L. (1888). 


[Ueber Determinanten. Sitzungsb.... Akad. d. Wiss. (Wien), 
xevu. II a, pp. 154-163. ] 


The fundamental theorem here is—though not so stated—that 
the circulant of two general n-line arrays is resolvable into the product 
of two n-line determinants; for example, when v is 3 and the two 
given arrays are those of | a,b,c; |, | a,8y3|, we have 


b, b 
i 3 By Be Bs a+a, Ay +a, Ag+ a,—a, Ag —Asg As—Az3 

C 
i 7 " = b+; b+ b,+83 : b,—, b,—8 b,—Bs3 
2 Ag A, A, 43 

C C Cc Cc, — 65 — Co 

Be Bz b, by 65 tr CTY, CTs ER POA AAS ERE 
Y2 Ys “1 C2 &% 


By way of proof it suffices to perform the operations 


TOW, +TOW4, TOW,+Trow;, TOW;+TOWs 
followed by 
col,—col,, col;—col,, colg—colg, 
and this is in effect what the author does. Note, however, should 
have been taken that the determinant is inherently centrosym- 
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metric, this being made evident by reversing the order of the last 
three rows and thereafter the order of the last three columns. 

If a companion determinant of the same construction be taken 
and the circulant of their two arrays formed, the theorem may be 
repeatedly applied, and the said circulant thereby resolved into the 
product of 2? determinants of the n‘ order. From the general 
result obtained by continuing in this way the similar theorems of 
Puchta, Voigt, and Gegenbaur himself are shown to be deducible. 


JANISCH, E. (1890). 


[Bemerkungen zum Rationalmachen der Nenner. Archiv d. Math. 
u. Phys., (2) x. pp. 420-440.] 


The first fraction considered here is of the type 


a + BVa + yy + dV ay 
a +bJx + ey + di/axy © 
Rationalization is taken to mean that the fraction can be trans- 
formed into 
P + Qva + RVy + Sv ay, 
where P, Q, R, 8 are rational : and as such a transformation implies 
that 
aP + baQ +cyR + dzyS = a 
bP +aQ +dyR+cyS = 3 | 
cP+dzQ+aR +bcS = y | 
dP+cQ +bR +aS =<6/, 
it is clear that P, Q, R, S are determinable as required. In the 
more complicated case which the author deals with he actually 
solves the set of eight equations, taking note of the axisymmetry 
of the determinant of the set and establishing the relations exist- 
ing between its primary minors. Curiously enough he does not 
mention that the determinant is the denominator resulting from 
rationalization. 
A fraction involving cube roots is treated in similar fashion, the 
roots being 
Va, Vy, Vat, Vay, Vy?, Jaty, Jay?, 3/x%y?, 
and the outcome quite analogous. 
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BURNSIDE, W. (1893). 


[On a property of certain determinants. Messenger of Math., 
(2) xxi. pp. 112-114.] 

Though the property here noted is not essentially new, the fresh 
point of view makes the treatment of it interesting. In Burnside’s 
own words it is: If in a determinant of n rows the successive rows 
proceed from the first by permutations which form an Abelian group 
of order n (including identity), the determinant is expressible as the 
product of n linear factors. A clearly worded proof is given with 
the requisite elementary explanation regarding cyclical and Abelian 
groups. The illustrative example chosen is the 9-line circulant of 
three circulant arrays, that is to say, the first of those brought 
forward by Puchta in 1881. Denoting 


a+b+e a+by+ey? a+by?+cy Poe ae ee 
d+e+f dteytfy? dtey?tfy by Q Q’ Q’ 
gthtt g+-hy+ty? g+hy?+1y Reak sek 


the result given is 


C(abe, def, ght) = (P+Q+R)(P+Qy+Ry*)(P+Qy?+Ry) 
- (P’+Q’ +R’) (P’+Q’y +R’y?) (P’+-Q'y? +B’y) 
A (P” +Q”+R’)(P”+Q"y +R’y?)(P”+Q"y?+R’y), 


in substantial agreement of course with Puchta’s. 


PASCAL, E. (1897). 
[I Determinanti: .... vui+330 pp. Milano.] 


In dealing with Puchta’s determinant of order 2” it is noted that 
each minor of order 2-1 differs at most only in sign from its com- 
plementary. 


SCHULZE, EK. (1897, 1899). 


[Eine Determinantenformel. Zeitschr. f. Math. u. Phys., xin. 
pp. 313-322. ] 

[Eine Determinantenformel. Zeitschr. f. Math. u. Phys., xliv. 
pp. 167-175.] 

The problem here solved is the generalizing of Spottiswoode’s 

property of the simple circulant. The solution originates in so far 
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specializing the units ¢,, €,... , &, of a system of complex numbers 
as to make the product of any two a linear function of them all, 
namely, 


2 €y = Cpe; + Ogee +... + Caren 
€y+€y = Cyy9@, + Corsee +... + Crisen 
Cn Cy = Ciner + Conca +. -- + Coen 


and the result itself is that The n-line determinant,* whose (r,s) 
element is 
Cys te Cros + Paeashe, “ Croatia’ 


as equal to 
(e,%a,+ea.+... +e, Ya,)(e,%a, +es%a,+...+e,a,)... (ea, +... +e, lm 
where e, e,?,..., ex are the n values of e, to be obtained from 


the equation 
Cy Cr Cire ewe Crin 
Coa Cars —Cx tae Coun =, 
Cou Cane »2 + Onn—ex 


The author is himself conscious that the determinant is of ‘‘ ziemlich 
komplizierten Bau,” and by painstaking selection of simple and 
fitting values for the C’s provides four or five examples with rational 
elements, one of the determinants being equal to 
(@,+42+ . . . +Qam)™ (dy —Gy+g—Ag+ . . . —Aym,)™ 
and another being Puchta’s of 1877. 
The second paper is on the same subject as the first, but adds 
little of any consequence, even the examples being mainly confined 


to special cases of the simple circulant already dealt with by Scott, 
Schrader, and others. 


, 


MUIR, T. (1898). 


[The relations between the coaxial minors of a determinant of the 
fourth order. T'ransac. R. Soc. Edinburgh, xxxix. pp. 323-339. ] 


In the third part of this paper (§§ 12-16) the first subject is the 
rationalization of the equation 


a +hilbe + k/ca +1Jab = 0, 


* Mentioned by Weierstrass in the Géttinger Nachrichten for 1884, p. 397. 
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the result obtained being 


a hNbc kca IJab ee hi kee sl 
hvbc =~ Nab e/ca hbc « lb ke 
Ee Ge hon. tal sees | ee 
lab kca hVbc x lab ka hb «x 


Viewed as a case of this and derived either from 

cos(a+8+y) — cosacosBcosy + Xcosasin@siny = 0 
or from 

cos(a+8+y) -| 2cosacos 8 cos y+ cosacos(8+y) = 0 


is the relation between cos (a +8+¥), cosa, cos 8, cosy, namely, 


cos(a+B+7)+2cos a cos B cosy cos a cos B cos 
cosa+2cos 8 cosycos(a+B+y¥) cos(a+B+) cos cos B e% 
cos B +2 cos y cosa cos(a+ B+) cos cos(a+B++y) cos a 

cos y+2cosacosf cos(a+B6+¥) cos B cos a cos(a+ 8+) 


This leads to consideration of the relations between 
sin(a+8-+y¥), sina, sin B, siny, 
cos(a+), cosa, cos 8, 
sin(a+ ), sina, sin @, 
and the rationalization of 
a + bi zy + cr/az + dVaw +eJ/yz +flyw +gvzw + hv xyzw = 0 
in three forms. It also suggests the expression of the relation 
cos-!x + cos-ly + cos~!z + cos tw = 0 


in purely algebraical form, namely, 


L¥Y 2 w+2ryz 
yY & w 2tdyow) _ 0 
2 wx y+2zwx 
we y «+2wzy 


or 
Dat — QDaPy? + Bryzw + 4(La?y2z?—Laryzw) = 0. 


CHAPTER XVII. 
CONTINUANTS, FROM 1881 TO 1899. 


THE progress made in the study of continuants is unabated, but at 
the same time shows no acceleration, the number of writings, 
though large, being not in excess of the number for the preceding: 
period. 


MUIR, T. (1881). 


[On some transformations connecting general determinants with 
continuants. Transac. R. Soc. Edinburgh, xxx. pp. 5-12.] 


Although the transformation here brought to notice is of some 
considerable importance, it is ultimately dependent merely on the 
appropriate use of a very simple proposition, namely, that any 
element of a determinant may be made 0 by multiplying its column 
(and thereby of course the determinant) by another element belonging 
to the same row, and then subtracting from the altered column the other 
column multiplied by the given element: for example, 


(sag yell | Gd; OU. as a, |a@b,| as 
b, b, 63; = | 5, dads bs | + 63°= by : bs | > bs. 
1G; Cy Cg Cy Coby Cs Cy | ¢b3| Cy 
With this in mind it is readily seen that 
| @,d2| |agd3| a3 My |@,Cod3| |dydg| as ag 
|bydy| |byd3| bs by | bycods | |bods| b; b 
DoCotle| == + dd, = SA les 3 
| arbacsda| [Cyda| |cydg| cy Cg oka [Cody | cy cy] 5] Ce 
ds dy . . ds d, 


the three-line determinants making their appearance in virtue of 
the identity 
| tazp| | wp2y | 


lyazel |yee| | — 7! Perl: 
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By proceeding in the same way on the other side of the diagonal 
there is obtained the desired result, namely, 


| @yCod3| | Aas | ; 
Oieode len | Undgrte | G0. 
a ee | bcos ag 23 re 
| a 2C3 a | | Cody | | AgCg | | dabsCy | : | a2) | | aad | | Cod | 
| ded, | | dabgdq | 
The corresponding result is then given for the case of the fifth order, 
namely, | aCo1se4| | Aodse | 
| bycodseg| | Bodseg | | aabsea | 
| Colgéa | | @oCs@q| | absCa | : 
| dedseq| | dabsdy| | Gabacads | 
| aybecsdyes| = eee ae 


| Gabsea | | dadsea| | dotsea| | Codsea | 
and a rule for writing it out in any case. A slightly more general 
result is also noted, and is exemplified in 


| QyCodg | | eds | 
| dy cod, | | m4Dods | | My Agbs | 
| myCod3 | | MACs Pa MyAgb3C, | 


| M4dod5 |_| MyAgbed, | 
| MyAgb3 | | MAeds ist My Cols | 


(2) | abe¢sdq| = 


In the next place, by using on these identities the law of com- 
plementaries there are obtained the correlative identities 
by | bye, | 
Gig |0,0, | 9) c,d, | 
[aba] | Oda | ts 


| ON | Cy |> 


| a4 | | bye, | | dy] = | 


bs | byes | 
as |a¢5| | eds | 
[4b5| | Ores] leds] [des] =] - [ards] | ods | | dyes | 
[byes | | ees! e 
leds| 4, |, 
| mb, | | PrCa | 
| Myd,| |ae,| | Cd, | 


m4| aby | | Oyea| | ada | = |a,b,| |O.d,| dy 


| byC4 ers 
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and by using on the first of them (1) the law of extensible minors, 
an alternative expression for | a,b,c,d,e, | is got, namely, 


| Code, | | Ades | 
| bycodges | | badges| | aab3es | 
| Cpdge5| | @aC3@5 | | @gbacqes | 


| Aad ses | | dobzdye; | 
| @yb3@5| | Agdges | | Codges | 


To bring transformations of this kind into connection with con- 
tinued fractions it is necessary that one of the new continuants be 
a principal minor of another. By altering the lettering in (2) with 
an eye on (1’), such a pair is obtained, and division then gives the 


result 
| @yCodsey| | Aodeg | 
| ByCodzey| | Dodgy | | Agbsea| 
| Cxd3eq | | MaC3@q | | Aad3Ce | 
| @adseq| | Agbsdy| | Aadgcad, 
| ybocgdses | | Codseg | _ : : | aabsea |_| Aabscate 
| boca yee | aS | badgeg| | Godse, | 
| Codsea | | aCs@q| | GadgCy | 
| Qd3eg| | Agbsdq| | @yb,c4d5 | 
| debseq | | Aabscaes | 


whence, by Sylvester’s fundamental theorem regarding the appli- 
cation of continuants, there comes 
| aybacaaes | | code, | 
| decyl es | 
| G34 | | bycodses | 


bsey | | Codgeg | 

bodae __|aabses| | Cotsea | 

| ude | [aabses| | aadyea|_ 

| agbyd, | —L2zbe°ads | | aabses | 
| @ab3Caes | 


= | AyCodse, = 


| MgC3eq ee 


the corresponding identity for the next lower order being 


| Ab2¢3dq | | Cods | ; | ods | | byeods | 
| becad, | | abs |_| cods | 
bo: |e aes ots 
| Pads | | dob5Cq | | ody 
| gba, | 


= | a,Cgd3 | — 


| @acg | — 
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and the complementary 


| abs | 
ay 


| eds | | a,b5 | 
| b,d; | 


= | a,c, | — 


| dyes | | b,c; | 


€, | eds | 
Ce; |) 
ieee 
The rest of the paper gives in condensed form a second series of 
results analogous to the foregoing. Of these we have room for only 


one, namely, that corresponding to (1’) above, 


Y % 
4 Yo Us : 
[a,becsdafs| =|- 2% Ys % + | + ly | Aghs| | Agbgey| - by | byce | | brcoeds | 
3 Ys 
Zy Ys 
where 
 & = ay, % = Ob, 
Ly = | Abs |, % = | dc. |, 
g-= 5, | GabzC, |, Zar Ay \0sCode | 
t= | b,cy| | Gebacads |, % = |a2b3| | died, fy |, 
and 
Ubi == USP 
os be, 


Y3 = a2 | b,¢3 | —@s | b,Cs |, 
Y4 = | Mb, | | byCod4 | — | Goby | | Dy cods |, 
G5 | dyb3Cq | | bi Coda fs | — | debgc5 | | bycods fs |. 


CHRYSTAL, G. (1881). 


[Note on Mr. Muir’s transformation of a determinant into a con- 
tinuant. Transac. R. Soc. Edinburgh, xxx. pp. 13-14.] 


Chrystal’s interest in Muir’s paper led him to reinvestigate the 
subject, his method being to start with a general set of linear homo- 
geneous equations and obtain the requisite alternative form of 
eliminant to give rise to the fundamental identity. Succeeding in 
this, he indicates how a generalization may be effected, 
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KLUG, L. (1881). 


[Die Entwickelung des Euler’schen Algorithmus. Archiv d. Math. 
u. Phys., |xvii. pp. 337-342. ] 


A simple inquiry into the types of terms in the final develop- 
ment: determinants not used. 


JADANZA, N. (1882, 1884). 


[Sopra un determinante gobbo che si presenta nello studio dei 
cannochiali. Atv... Accad... . di Torino, xvii. pp. 714-723.] 


[Teorica dei cannochiali,.... 182 pp. Torino.] 


The determinant in question is the continuant, and makes its 
appearance here in the same connection as it did with Casorati in 
1872. 


MUIR, T. (1883). 


[Question 7344. Educ. Times, xxxvi. pp. 131, 200: Math. from 
Educ. Times, xl. p. 26.] 


The identity here established is that exemplified by 
K(a—1, a, a,a+1) = aK(a, a, a). 


MUIR, T. (1883). 


[On the general equation of differences of the second order. Philos. 
Magazine, (5) xvii. pp. 115-118.] 


The equation in question being 


Uy = Ay yUy-1 + Dy stlao, 
Cayley had recently * expressed w, in the form 
Au, + Bug, 


and stated more or less arbitrarily a rule for writing out the values 


*Caytry, A. On the general equation of differences of the second order. 
Quart. Journ. of Math., xiv. pp. 23-25 ; or Collected Math. Papers, x. pp. 47-49. 
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of A and B. This rule Muir here justifies, showing that A and B 
are continuants, for example, 


= D4 bs b, by by b b. 
ga Ke einen ats + 6K (4, a - 9 Mes 


He then takes the more general equation 


Ug = Aye sm by oly —a =f Cy_25 
and deduces 


a by bs bg by beh ab 
ee aa K(,, A Az As 1) + bK (4, Wh 6 * lg 
b, °b, 0b b, b 
r ok (4, Ua “dg a ets ie “ty me) 
t= Fy een +; C4; 


illustrating the result by appropriately applying it to an equation 
connected with another special form of determinant. 


WOLSTENHOLME, J. (1884): MUIR, T. (1884). 


[Questions 7574, 7607. Hduc. Times, xxxvu. pp. 28, 59, 188; 
l. p. 194: Math. from Educ. Times, xli. pp. 112-113; xIn. 
pp. 95-96. ] 


The net result here is 


a b : 
ae in a {a CE CEOS oes a 2(be)s.008 > | 
: (4 —2(ber an} 
b nae 2(be) cos 


n 


the determinant being shown from its recurrence-formula to be the 
coefficient of y” in the expansion of (1—ay--bcy?)-1. It is alter- 
native to a result obtained in 1878 (Hiést., iii. pp. 420-421). Both 
forms of course make evident that the determinant is really a 
function of only two variables. 

The condensation of the same continuant we shall refer to pre- 
sently. 
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MUIR, T. (1884). 


[Note on the condensation of a special continuant. 
burgh Math. Soc., u. pp. 16-18.] 


The note opens with the statement and proof of two lemmas. 
The one is the identity exemplified by 
— — —b? —B? —b? —b? —b? 

K(a45 a a a me) oa (a +28) K(, a a yy) 
The other is to the effect that the determinant whose elements are 
all zeros except those in the main diagonal and in the two diagonals 
drawn through the places (1, 3), (3, 1) parallel to the main diagonal 
as expressible as the product of two continuants ; and that the quotient 
of two such determinants is, like the quotient of two continuants, ex- 
pressible as a continued fraction. For example, 


Proceed. Edin- 


(1 a oa 
Ge ee ety 
MR Poet eng “ *s : ; Gs Ce 
by dy. bp Bee i ty Ol Ogetey vee 
ba Abe C5 Se fe = by |, 
6; OMeaeta, a2 
bs Ay 
and consequently also 
ay Gy 
eps ° Coe ope ay ¢ 
b, 3 Cs =, b, : 
byw: eae oa he ele By : ee 
bs ' As 3 45 b, Ae |: 
by Ms 


so that by division we find the quotient of the seven-line by the 
six-line determinant equal to 


a 
a Cy 
b, as C3 Sis, 
b a i! As Cx 
siphute aes 


bs ds 
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and therefore equal to 


Then denoting by F(6, z,¢; 2n++1) the continuant of the (2n+1)™ 
order having «’s for the elements of the main diagonal, b’s for those 
of the upper minor diagonal, and c’s for those of the lower, we 
multiply it by its equivalent F(—c, «, —b; 2n+1), and thus 
obtain for its square a determinant of the type dealt with in the 
second lemma, the result being that after application of that lemma 
and its fellow the square root can be extracted, and we have 


F(5, x, ¢; 2n+1) = F(6%, 2?—2be, c*; n). 
By a similar process it is found that 
F(b, x, c; 2n) = F(b?, a? —2be, c; n) 
+ bcF (b?, x?—2bc, c?; n—1). 


The cases of these equalities in which b = c = 1 are due to Wolsten- 
holme (duc. Times, xxxvii. p. 28).* 


* The opportunity may here be suitably taken to point out that the similar 
equality given by Giinther (Hist., iii. p. 407) is readily established as follows : 


fd Uo ; x 4 tee bales : 
me WE pees Mabe Letcl 
-l «2 bs et alt 
en BAST b; aed) Ebel 
=| x bs ih al 
ah! Al 1 
= (+0, —b,b, : 
A by : 
-1 6,+2+6b, «+b, — dsb, 6 
: , ' by 
-1 -1 b,tatb, «wt+bs 0b; 
: 1 
= (—5,)(-b4) | e+, — bb, : 
fF —] b,+2+b, — byby 
-l by tuts ’ 


all that remains being the division of both sides by b,by. The case where the order 
is the (2n)*» need not be separately considered, either case being deducible from 
the other on putting the last b of the latter equal to 0. 
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MUIR, T. (1885). 


[On bipartite functions. Transac. R. Soc. Edinburgh, xxxi. pp. 
461-482. | 

These functions we have already spoken of in reporting their 
fundamental connection with the multiplication-theorem of deter- 
minants. We have now to note that they include continuants as 
a special case, and that, as they consist of terms that are all essen- 
tially positive, it would seem more natural to classify continuants 
under them than under determinants : for example, 


ee = pgrs + pqd + pes + brs + bd, 
Gq Ute! 
Ay serail i 
s d p b 
—l. ¢q G lm 
a —1 d 
—] 8 


We may add that it is on this account that we have suggested the 
resuscitation of Sylvester’s word ‘cumulant’ to take the place of 
‘bipartite ’ as used in the memoir under review. 


STUDNICKA, F. J. (1886). 


[Hine neue Anwendung der Kettenbruchdeterminanten. Sitzwngsb. 
... Ges. d. Wiss. (Prag), 1886, pp. 1-6.] 


The result here is 


cos nO = | cos @ il 
1 2cos 0 1 
1 “*2cos0™1 


obtained, curiously enough, from applying in connection with the 
equation x*-+-ax-+b = 0 Brioschi’s recurrent expression of 1854 for 
the sum of the n'" powers of the roots of an equation. It is of 
course much simpler to use 

cos(n+1) 6 — 2cos@-cosn@ — cos(n—1)9 = 0 
as a recurrence-formula, and simpler still to go back to Wolsten- 
holme’s result of 1874. 
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STUDNICKA, F. J. (1886). 


[O nekih vlastitostih determinanta veriZnika. Rad jugoslavenske 
akad....u Zagrebu, \xxviii. pp. 105-115.] 


In essence this consists of notes originating in the observation 
that the coefficients in the expansion of (a)+a,7-+. . .+-a,”")~1 are 
continuants when n is 2, and a similar observation in regard to 
another recurrent (Hist., ii. pp. 211-212). 


GEGENBAUR, L. (1888). 


[Ueber die Functionen C,” (x). Sitzwngsb. ... Akad. d. Wiss. (Wien), 
xevil. Abth. II a, pp. 259-270.] 


The function referred to being the well-known coefficient of a” 
in the expansion of (1 —2ar-+-a?)~’, it suffices to recall, as the author 
does, the related results given above under Wolstenholme (1874, 
1884), and to record the new equality * 


(n+v—l)t 
n\(v—l)! HS 
where F is the continuant whose diagonal elements are all cos 2, 


whose bordering elements on the one side are all 1, and on the other 
1 Zu: Le (n—1) (2v-+n—2) 
B(v-+1)? 2(v-+1)(v+2)? “°° "7? 4v+n—2)(v+n—l1) 


C,, (cosa) = 2” 


MUIR, T. (1889). 


[On a rapidly converging series for the extraction of the square 
root. Proceed. R. Soc. Edinburgh, xvii. pp. 14-18.] 
The theorem here established by using properties of simple 
continuants is that if 


i! Lonel L ge 
SRG R etc, 4 2AM 
x * 
then 
ee Geet Gz) (Gaiapivet ih oh wes tere be ae 
SE or i an 


* This, however, should have been noted under the year 1877, when the author 
published a paper under the same title as the above (Sitzungsb., lxxv. pp. 891-905). 
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where 
ko pang K(a,, Te) az), 
ky k(a,, 2) A), 
Ketek (Gfiicterly G7 ROA dpe es RA 
kg hay, Sere f2AP. PPS SAR OF DAP eae a 
For example, since 
=~ lotto 1 
/300 = Lisa gis liaaer. 
* * 
we have 
— 25 1 1 
10V3 = 11 + 95 — aE xaT0n — 7ExaTOD 7300802 T°" 


= 17.320508 075688 772935 2744634 ..., 


giving V3 correct to the twenty-sixth fractional place. 


GAMBIOLI, D. (1889); . . . (1890). 
[Sulle frazioni continue. Rendic. .. . Accad. delle Sci. di Bologna, 
anno 1889, pp. 33-55. ] 
[Question 230. American Math. Monthly, xii. (1905) p. 134.] 


Although continuants are used throughout Gambioli’s paper, 
nothing fresh is noted regarding them. 

The result given under the other head is merely a case of the 
persymmetric continuant whose repeated elements are z, x?+-1, 2, 
and whose value for the n‘” order is 


(a"+2]) + (a2—1), 


NOVARESE, H. (1890): CESARO, E. (1892). 
[Question 680. Mathesis, x. p. 72; (2) i. pp. 24-25,] 
[Remarques sur un continuant. Mathesis, (2) ii. pp. 5-12.] 


The originating proposition here is that of %, a,..., a, be all 


positive, and ri, A3,..., d2_, be none of them greater than 1, the 
continuant 
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Agta, —A4ay 
—A38 A, +4: —Agas : 
H=Noig Gattis « - : » OL DL say; 


an =] +a 


is necessarily positive. It is readily seen to hold for the first two 
cases, and indeed that D, > a.D,. It is then noted that 


D, = (4-144) Dy — AF-1 47-1 D2 
= 4,D,2, + @(D,-1 — AP-14 21D, -2), 
from which it follows that if D,_, > a,_,D,_2, we must also have 
Dear. 


The full requirements of a gradational proof are thus to hand. 
Cesaro’s treatment is not so purely determinantal. Observing 
that D,,is axisymmetric, he views it as the discriminant of a quadric, 
namely, the quadric 
Apyy? + cy (42-292 —2A 442) + Ay (Lq? 4-5 4?— Wego) + . . - + AnLy”, 
in which the cofactor of every a being not less than the square of 
the difference of two 2’s is positive. The quadric as a whole is thus 
essentially positive, and therefore also is its discriminant. The rest 
of the paper is in keeping with the title, the points taken up being 
such as would seem natural in connection with any continuant,— 
its ‘ value,’ transformations of it, its adjugate, interesting particular 
cases, generalizations, the related continued fraction, the conver- 
gence of the latter, and so on. Of the results obtained we may 
note (1) that the value of the continuant * 


—Ay, Ay +a, —s 
—M, A,+A3 


n 


* This suggests continuant forms for Ferrers’ determinants of 1855 (Hist., i. 
pp. 141-142), namely, 
ay —a, . 401 6 1+a, -—a, 
—A, A+, —A, + «+s -ay, a, +A, —A, eres 
=, Gg+ag «++. 5 -A, A,+43 


«Ing ° ° . . n?* 
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Mpls . 


1 il 1 =i 
» (= Sige etn om ® lene! Gr ’ 


(2) that the sum of its signed primary minors is 


where 


AghyAy ... Ay(o,+40,+905,+ ... +ne,), 
1 ] 1 
pig to a ain 
h 
Bot = UUrt1 Unto Ay —n1On 
and (3) that therefore 
L+a +a, L—A, Ai) errand 
I—A, L+4,+A PUI BOL 


= AplyA, .. 


[ 


; Gn) 


a 1 
sayeree 


AX 


ay 


L—Ay U-Aa+A, .+.06 


teh ee epelep gs eee 
As Ay 


Also (4) that if the non-zero elements in the arrays 


b 2 bi; 
boy ; bos 


be all positive, a, standing for the sum of the ht™ row of the former 
and 8, for the sum of the ht" column of the latter, and if a similar 
array of c’s be such as to satisfy the condition 


then the determinant 

ay sf ef 1 
Cio +Coy 
Cy3 +€31 


Cr Ora Oe, 


Cielo} Cyg-+Cg, 


Gga+B5 Cag + C39 


Cog tCz2 3+ 


is essentially positive: to which there is added the enlightening 
remark that to construct such a determinant we have only to take 
a sum of positive multiples of essentially positive quadrics and 


form the discriminant. 
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MUIR, T. (1892). 


[Note on a theorem regarding a series of convergents to the roots 
of a number. Proceed. R. Soc. Edinburgh, xix. pp. 15-19.] 
This is an investigation of Sang’s theorem * that the ratio of the 
rational portion of the expansion of (/n-+1)" to the coefficient of 
/n in the remaining portion is an approximation to /n. In the 
course of it proof is given that the numerators and denominators 
of the ratios are continuants of the forms 


ee : : 2 thsonell 2 n—l ; 
—l Zl Sntegaitoes: —l 2 vl 


respectively, these when of the 7*" order being equal to 


(/n+1)" + (—1)"(/n—1)" (/n+])tt4 + (—1)"(/n—1)™ 
2 f 2./n : 


and the convergents obtained being those of 


n—l 
1+ ee n—1 ye eol 


ie A 
an already well-known continued fraction for Jn. 


MOLLAME, V. (1892). 


[Sviluppo di una determinante e relazioni notevole che ne derivano. 
Rivista di Mat., ii. pp. 47-53.] 

The evaluation of K(a,-! a,-!... —4, a) here given is not essen- 
tially different from what had already been repeatedly reached. 
By specializing in Scott’s result of 1879, for example, the value 
obtained is 


{a+ Ja?—4}"*? — RT ors 
gn+1,/q2—4 


* Sang, E. On the extension of Brounker’s method to the comparison of several 
magnitudes. Proceed. R. Soc. Edinburgh, xviii. 
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whereas Mollame gives 
— —],/4—q2)nt1 
cofactor of ./—1 in ety Wee 
They both lead to 


{Oran + (m-41)ga"-4(a2@—4) + (n-+1),0"-Ma2—4)? 4.) 


SEGAR, H. W. (1893). 
[On the roots of certain continuants. Messenger of Math., (2) xxii. 
pp. 171-181.] 
By multiplying the 7‘" row and the r column by a,, Segar’s first 


deduction from the familiar proposition is that if the b’s and a’s 
be real and the determinant be axisymmetric, the equation 


by +ay°r bye bys 
bey —bgn-+.092A bog ee es 
has all its roots real, and therefore also the equation 
by A+a,y? Dyor bisX 
bay by2d +a,” basA as.) 


bi bsor bssA tas”. 


His next step is that in the case of a continuant we need not insist 
on 6,,,4, and 6,.;,, being equal but merely of the same sign ; thus, 
this condition being fulfilled, the equation 


a;* by? . nee ae a," (by2b01)3d 


boy 


er UsNt ce 


‘ ==, oe 
bso a3 


CR) 4 a,” (bo3b50) EN 
- (Boab32)*r a,” 
has all its roots real ; and the equation 
ay dyad 


boy a,” bosA 


bse a3” 
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has all its roots real and positive. On the other hand, if 6,,,., 
differ in sign from 6,,,,, the roots of the last equation are all 
real and negative. 

It is then pointed out that if any one of the determinants under 
consideration become of infinite order but remain convergent for 
all finite values of X, it must have an infinite number of roots that 
are all real; and this result being reached, the next six pages are 
devoted to the discussion of the character of the roots of a variety 
of important functions. 

At the close the original subject is reverted to, and we learn that 
in exactly the same way we can show that if the products 613551, 


boda, .. . . be real and of like sign, the equation 
es Eas Ois 
ay* Q Boa 
Dea ct ee Use aes 
Des ill he By UPI PE 
bss as 
ie OR Gas 


has all its latent roots real, and of the same sign as the said products. 
Not only so, but the determinant which has r cross-rows of zeros 
between the a’s and the 6’s has the same properties. 


PEIRCE, B. O. (1893). 


[Question 11930. Hduc. Times, xlvi. pp. 232-233: or Math. from 
Educ. Times, \x. pp. 49-50.] 


The algebraical equality which is at the basis of the result here is 
Pru = K,, 
where K,, is the continuant 
(c+2k,-" 2+2k,-24 2+-2k, ....) 


and [,, is got from K, by changing the first and last ~+2k into 
a+k. This, however, is the same as Muit’s first lemma of 1884, 
as is seen on putting in the latter 


b= —k and vu = @+2k: 
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PALMSTROM, A. (1897). 


[Sur une généralisation de ’équation de Lamé. Bergens Museums 
Aarbog for 1897, no. xi. 9 pp.] 

As might be expected from the title, the matter of interest to us 
here is a determinant resolvable into linear factors. In form it is 
a recurrent with one diagonal more than a continuant, the principal 
diagonal being 

sO SPREE (n+1 in number), 
the adjacent diagonal on the one side 
(2n-+t,—2) 8, 2(2n+t,—3)8, 3(2n+t,—4)B, ..... 
and the two diagonals on the other side 
n(3n+t,—3) 8, (n—1)(3n+t,—6) 8, (n—2)(3n+t,—9)B, ..... 
2n(n—1)8, 2(n—1)(n—2)8, 2(n—2)(n—3)B, ..... 
The method employed to obtain the factors of the result is addition 
of multiples of columns, the first operation being 
col, + (n), col, + (nm), colg +.... 
and the removed factor 
B + {2n? + (¢,—2) n\ 8. 

We note for ourselves that by certain slight modifications of 
notation much apparent complication can be done away with: 
for example, the writing of x for B/S and reversal of the order of 
the rows followed by reversal of the order of the columns give 


x l.a 2(1-2) 
2(a+1) x 2(a+3) | = (w7+2a+4) (x—2) (~—2a—2), 
1(a+2) x 
z lea  2(1-2) 


3(a+2) 2 2(a+8) 2(2.3) 
2(a+3) «@ 3(a+6) 
1(a-+4) x 


= (w-+3a-+12)(a-+-a)(x—a—6)(a—3a 


CALDARERA, F. (1897). 


[Sull’ equazioni lineari ricorrenti trinomie. Giornale di Mat. 
XXXV. pp. 333-348. ] 


The continuant K(b,-¢b,-*b, . . .) 18 here considered, but nothing 
fresh is brought to light. 


’ 
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We may also note that the already familiar case where a = — 1 
and 6 = 2 cos x is dealt with in the Periodico di Matematica for the 
same year (xu. p. 196). 


CANDIOTI, M. R. (1898): BICKMORE, C. E. (1898) : 
CHRISTIE, R. W. D. (1899). 


[Fracciones continuas. Anales ... Soc. Cient. Argentina, xlvi. 
pp. 149-158.] 

[Question 14040. Educ. Times, li. p. 472.] 

[Question 14131. Hduc. Times, lu. p. 94: Math. from Educ. Times, 
Ixxtt) ps, 715] 

The first ‘question’ here gives properties of the continuant 
K(a, a, a, ...), two of them being included in Smith’s of 1854 
(Hist., ii. p. 425) : the second in reality, if not in appearance, con- 
cerns the same simple function. 

Candioti’s paper is merely an introductory exposition in which 
continuants are used from the outset. 


BORINI, B. (1899). 
[I Continuanti. 117 pp. 4°. Forli. 1900.] 


This monograph, large in page, type and margin, gives a clearly 
written account of the theory and application of continuants. It 
forms indeed, in the author’s own words, ‘ una specie di trattato,’ 
the material being freely taken over from the original sources. 

It consists of an historical introduction and seven chapters. The 
subjects of the latter are determinants of finite and of infinite order 
(pp. 7-18, 19-29); continuants (pp. 31-44) ; connection between 
continuants and continued fractions (pp. 45-66); periodic con- 
tinued fractions (pp. 67-73) ; connection of series and continued 
fractions (pp. 75-95); generalization of the continued fraction 
algorithm (pp. 97-117). 

So far as continuants are concerned there is nothing fresh to 
report. 


CHAPTER XVIII. 
MULTILINEANTS, FROM 1883 TO 1895. 


ALTHOUGH we have found it expedient to make the period here 
four years shorter than in the other cases, the number of writings 
reported on is nevertheless three times the corresponding number 
in the preceding volume. The remarkable increase of interest thus 
evidenced will be seen to be almost entirely due to the new departure 
made in Hill’s paper of 1877. 


PINCHERLE, §. (1883). 


[Sui sistemi di funzioni analitiche e le serie formate coi medesimi. 
Annali di Mat., (2) xii. pp. 11-41, 107-137.] 

The theory of so-called ‘ associated groups ’ dealt with in §§ 19-21 
of the first paper here is closely connected with our subject. It 
really concerns a special set of linear equations infinite in number 
and connecting an infinite number of unknowns, the word ‘ gruppo ’ 
being used for an oblong array, and the use of ‘ associato ’ being in 
effect similar to that of Bellavitis (Hist., i. p. 95). 


APPELL, P. (1884). 


[Sur une méthode élémentaire pour obtenir les développements en 
série trigonométrique des fonctions elliptiques. Bull. Soc. 
Math. de France, xiii. pp. 13-18.] 


The method in question is that which is primarily applicable when 
we have available for the determination of the infinity of coefficients 
a like infinity of equations connecting them linearly ; and it consists 
in taking only the first m equations, deleting therefrom all the terms 
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whose coefficients are higher than the mt, solving the set as thus 
curtailed, and finally putting m equal to o in the results. In the 
case dealt with by Appell the curtailed set of equations is of the 


type 


A,cosa, + A,cosag, +2..+Ayji,COSQy., = COSA 


A, + Ay +...+ Je eae ane eet | 
A £96704 ies cos nee Stine Puwys COS 2g, == COS 2A | 


Ke cos Ma, = a COS Mag +... + Am41COS Man , = COSMA 
of which the solution is 


___ (cos X —Cos ay) (COS A —COS ay) . . . (COS A—COS Ayy,1) 
 “~ (cos a,—Cos ay) (COS a, —COS ay) . . . (COS A—COS Am +1) 


| 


and the final outcome of the process is identical with the expansion 
as previously known: to the extent, therefore, of this one case the 


process is justified. 


POINCARE, H. (1884). 
[Remarques sur l’emploi de la méthode précédente. Bull. Soc. 
Math. de France, xiii. pp. 19-27.] 


Poincaré raises the question of the legitimacy of the general 
process exemplified in Appell’s paper. He first sets for considera- 
tion the infinite set of equations 


a,X, +a,X, +...+4,X, +.... =0 
a,2X, +a2X,+...+a,?X%,+.... = 0 


a,2X, +a2X,+...+4,2X, +.... (|) 
where the a’s are in ascending order of magnitude with the limit o . 
By finding the residues of an appropriately constructed function he 
obtains the solution 
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already long familiar in the case where n is finite. It is at once 
belittled, however, as not being unique, another solution being 
clearly got by multiplying by a, the value of X; just found, another 
by using the multiplier a, and so on. Next he takes up the infinite 
set whose array of coefficients is 


Ao, Apo one. S ¢ Aon 
ayy Ayo S'6' OD 6: Ain 
pre yy oO oe Ub 


and arrives at the like final result. He then takes a set which, if 
we bear in mind the cosine’s exponential value, is seen to have a 
closer resemblance to Appell’s, namely, the set 


p=2 
ooo $O,X_, +0%,X_, + a%X, +a?X, + aX, 4+... = o} 


p=0 
and deals with it in similar fashion. Finally, he applies what he 
has obtained to Appell’s actual problem, and while obtaining the 
same solution as Appell, directs attention to an infinity of other 
solutions and to the fact that, unlike Appell’s, the expansions corre- 
sponding to the latter are not convergent. 


POINCARE, H. (1886). 


[Sur les déterminants d’ordre infini. Bull. Soc. Math. de France, 
xiv. pp. 77-90.] 

Having read Hill’s paper of 1877 and been recalled by it to his 
own ‘remarks’ of 1884, Poincaré resumes the subject. First of all 
he devotes considerable space (pp. 77-82) to the elucidation of a 
point formerly left obscure. He then attacks directly the question 
of the convergence of a determinant of infinite order, opening with 
two lemmas regarding ordinary determinants, namely : 

Any n-line determinant is less in absolute value than the product of 
the sums got by adding the absolute values of the elements of each row : 
in symbols, say, 


Ds 


If a certain number of elements of the determinant be replaced by 
zeros, D,,, In thereby becoming D,, II’, then II,’ < II, and the diminu- 
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tion TT, —I,' as in absolute value greater than the difference of D, 
and D,’. 

The former lemma is made to depend on Grassmann and Cauchy’s 
actual product expression for a determinant (Hist., ii. pp. 43-45, 
77-18). The theorems established on convergence are : 

(a) Any unit-axial multilineant will converge if the sum of its 
non-diagonal elements converges absolutely. 

This is proved for multilineants of the form | @,,do2... Gnn---+| 
_ and separately for those of the form 


Le Re Lye WL tein ep kl iy aa gaits 22-0 | 


(b) If a convergent multilineant have the elements of a line replaced 
by quantities all less in absolute value than a certain posite number, 
ut will still be convergent. 

As an illustrative example he naturally takes Hill’s 


0, Os 05 O4 


ES ecre Terre ert wer 

0, 1 0, 6, 0; 
6, 2 6,22 6,22 6,—22 

05 6, 1 6, 0, 
Oo —(? 0, —0? 0, —(? A == (2 
yl 03 0, 6, 1 0, 
622? 0,—2? 0,2 6,22 


04 05 0, 0; 
° 6—# 0,—42 0—42 0,—4? 


pointing out in effect that the sum of the non-diagonal elements is 


resolvable into the product of two infinite series both of which are 
convergent. 


KOCH, H. v. (1890). 

[Om upplésningen af ett system lineira likheter mellan ett oandligt 
antal obekanta. Ofversigt... Akad. Férhandl. (Stockholm), 
xlvii. pp. 109-129.] 

Koch’s position on taking up the subject was different from that 
of preceding writers, as he had first made himself familiar with 
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previous work. In an introductory page he describes briefly what 
had already been done by Hill, Appell, and Poincaré. Strangely 
enough, however, his mode of attack is less reminiscent of these 
writers than of Kotteritzsch (Hist., ii. pp. 426-427), whose name 
he does not mention. 

His first section, corresponding in a way to Kétteritzsch’s third, 
is summed up in the proposition that the infinite set of equations 


Qipao ka ae feats in Sn ols eee eee Uy 
Gig, X1 + Goo Xe -- + s + Aon Xn Tees - — Us 
ap Xiale On2S9 Gino oiele ane eae oe 


2 


where | a,,| vanishes for no value of n from 1 to «, is equivalent to 
the set 


Bix + Bax a Se + Bake + ‘ites 6 Vo 
Bygaets tee Bete. . Soe 
bee. & a Vie 
ST ety ee 
where 
Buy ae aE Bou ae | @y1 ao, |, Ba i | & 1 Age ASD yy [> 
V, =u, Ve =|[a ue|, V, = lay... a—-1,-10,]. 


There is also appended the more general result in which the first 
p equations of the original set are retained in the derived set because 
of the fact that it is only for n> p that | a@,,| is known not to 
vanish. 

In § 2 (pp. 114-117) he first seeks to find an expression for the 
difference between the value of any one of the z’s in the set 


7v=N 


DAyyLy + ApeXg +... Oy, = ur} 


7=1 
and the value of the same x obtained from the set 


r=n+1 
Up + Apg@y +... + AppLy_ + Ur ntitnp = uy} 
r=] 
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Solving for x, in the n-line set and calling its value (z,),, he has 
of course 


(Xp)n = Jan ss + Opa, pM Apsi, pit + + + Onn | 


> 
Ain 


and substituting in the numerator here the equivalents of the wu’s 
given by the other set, he sees that these lengthy elements of the 
p™ column are reducible to binomials, namely, to 


Op (Lp) naa + 1, na (Gn41)n+1 


App (Xp)n+1 + Fa, not (%n41)n41 


and that therefore the numerator becomes 


| Gyn | - Cpa tk) Oy nas | n+, p) > (nt1)n41> 


where | @;,n41|(n41,) Stands for the minor of |a,,,,| got by 
deleting the (n-+1) row and the p column. The result desired 
thus is 


a n n 
(Xp) n = eae, 23 (—1)re tun lintne (gy 


| 4p, | 
By repeated use of it, followed by addition, there is readily deduced 
the more important result 

_ 141, p42 | pre,» ( 


Tpi1)pi1 7 


a |, pat | pte ( 
| yp | | Oy, p41 | 


(Zp)n = (Xp)p Gnas) het ie dete 


which for p = 1 becomes 


.) Gy, Uy 
| yen - + - + Onn | seca nl 1 | der Us | @r2@95 | - | Qin oo%s | re 
| A11%90 - ++ + Ann | yy ay ° [ays | | Ay | : | a13 | 


This last recalls previous equalities of a similar character (Hvst., 11. 
p. 40; iii. pp. 51, 115), and we thus get to see that the result in all 
its generality was originally formulated by Schweins in 1825 (Hist., i. 
pp. 173-174). Examination of the two other results of the section 
has a like outcome, one of them indeed being but a disguised case 
of the foregoing, and the other the kind of ‘extensional’ which 
began to be formulated by Desnanot in 1819. 
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In §3 (pp. 118-121) consideration of the infinite set of equations 
is resumed, the basis of treatment being found in the peculiar form 
of solution * just obtained for an n-line set, namely, 

(t)n = Yu — Vie tis —--- + at | 
(22)n = APY teh a in OR sol Come? 9 5 
(23)n = Wags — ++. + ae, 


hfe Geiger 


fone | Gir lip) * 
| ay, ra]-| air | 


The result reached and formulated is essentially as follows: If the 
serves 


where Wo, r 


WVo,p Ran Vp, p+l lh Vr, ee ere ooo 


be convergent for all positive integral values of p, the limits being 


fu Sa Sa +--+» 


* To avoid any chance of vagueness as to the character of this solution the case 
where n is 4 may be stated. The equations being 


A,X + Ay +Agz+taw = ia 


dyx+d.y+dgz+dw = dy 
the solution is 


Paes Wee na | aybo | ue | @ybs | + | ab2¢o | Es | dgbgCq | * | @yb,C549 | 
ay ay - | yb, | | @ybe | * | ayb2¢s | | Qybycg| + | aybycgdq| ” 

y = | @ybo | 1 | ayb3 | + | ayb Co | | Ayb3Cq | - | aybyCgdy | 
| @,65 | | ay | + | ayb9¢5 | | @yb,c|*|a,bycgdy| ” 

Sree | @yb26p | z | @yb3cq| * | aybyCgdo| 
| Aybo¢5 | | Ay byCg | | Ay byCgd | : 

aes | aybacedo | 
| Qybycydy| 


While noting the difference in form of the values of the unknowns, it must not 
be overlooked that any one of them can be put into the same form as each of the 
three others: for example, the value of 2 can by successive condensations be 
changed into 


| dodo | ¥ | aabs | ° | dao | | dab | * | dabyCydo| 
| abs | | @yb2| * | @ybecs | | ab,¢3 | -| a,bcgd,| ” 
| aab3Co | _ _lagbgcy | + | ab9¢go| 
| aybo05 | | ayb5¢3| + ltaybacgd, | ” 
| aobocad | 
| ayb.c3d,| ” 


and the yalue of w by successive dilatations into the form of the value of x. 
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then 
X45 Xo X3, oo. — ae iS ce sy 10) Eat ve! 


will be a solution of the infinite set of equations 


r=0 


yy Xy 4 AygXo = Bie § ay, nXn or SS a Gis ue} 
r=1 


provided that, any positive quantity 6 having been fixed on, vt is possible 
to find a set of positive integers 


Ve v 
m Serine MAY GO isa 


such that for every index v the inequality 


ES EL Ee Re 0 eared) 
Uy a1 wrens aim 1, m+1 Ca Ayn 0 
ae A RS ae 
| Uy Any a aa Gm ay, m+1 Mie ocleae Ain 
holds good when 


mm? send (n> n”. 
In regard to this it is only worth noting that the quotient in it 
which is to be <6 is readily seen to be merely another form of 
es { yy (2) n +dy2 (Xp) y ae eee ec anlays 
The question of the uniqueness of the solution is next considered 


(pp. 121-124), and then the author following Poincaré strikes off in 
search of another with the help of the Theory of Functions.* 


KOCH, H. v. (1890, 1892). 
[Bidrag till teorin for oandliga determinanter. Ofversigt .. . Vet.- 
Akad. Foérhandl., xlvu. pp. 411-431.] 
[Sur les déterminants infinis, et.... Acta Math., xvi. pp. 217- 
ee es 

In these papers, the second of which may be viewed as an enlarged 
edition of the first, Koch takes Poincaré as his guide, and is con- 
sequently on surer ground than before. 


* In the same year (1890) Koch has a paper in the Ofversigt (xlvii. pp. 225-236, 
499-525) and another in the Acta Math. (xv. pp. 53-63), but their subject is the 
application of multilineants to the theory of linear differential equations. The 
second of the two papers is quite a close translation of the first part of the first. 
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The determinant considered is in Hill’s form 


[eee ee eee A_4,-1%99%%1- ++ Imm |, 


that is to say, a determinant extending in four directions with the 
growth of m, having a central element dy) which it is convenient to 
call the ‘ origin,’ and being of the (2m-+1)™ order although appro- 
priately enough denoted by D,,. In regard to convergency the 
definition used is that D, 7s convergent if for every positive quantity 
6 there corresponds a positive integer nu’ such that the difference between 
D4» and D,, is less than 6 for every value of n greater than n’ and 
for any values of the positive integer p: and if such a number n’ does 
not exist D, is not convergent. The initial and fundamental theorem 
is a widening of Poincaré’s first theorem, namely, The multilineant 
| Aw, +++ ag... a, | ts convergent rf both the product of the 
diagonal elements and the sum of the non-diagonal elements be absolutely 
convergent. It is then shown that for convergent multilineants of 
this type it is emmaterial which diagonal element is taken as the origin, 
that Poincaré’s second theorem holds and will still hold when the 
change made in one line is made in any finite number of lines. Also, 
that certain of the elementary theorems regarding determinants of 
finite order hold good: namely, those concerning the effect of 
interchanging two rows or two columns, of transposing rows and 
thereafter transposing columns so as to have the diagonal elements 
still in the diagonal, and of increasing a line by multiples of parallel 
lines: the theorem regarding partition when the elements of a line 
are polynomials: the multiplication-theorem: Jacobi’s theorem 
regarding a minor of the adjugate: and a case of the extension of 
Laplace’s expansion-theorem as arrived at by Muir in 1873 (Hist., 
iii. pp. 79-80) and by others. Along with these are discussed 
(pp. 224-228) permissible developments of the multilineant, the 
fundamental one being 


Q1,-1 M39 @31 A149 


Q_11—1 Gy Gy 


a a 
00 01 Ap. a a, a 
0,-1 00 
G99 + bie Git 1 si Q,-4 Ao AQ, | + OL 02 
M1 GY a a 
Ay,-4 Ay Ay 0 11 5 
G21 A290 A4 Age— 
or, say, 


V,.t+Ve.+V,+V,a+...-, 
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where manifestly the first two terms have the sum | a9, |, the 
first three terms the sum |a_;, 14 ,90,,|, the first four terms 
the sum |4@_1,1499%,1%,2|, and the first 2m+1 terms the 
sum 

ee ley te mise Te Das 


The second is the double series 


> SSPE 


m k 


the third the development originally meant to be indicated by the 
old notation 


Dy cetera oe re wrt: Ane ky 


the fourth, fifth and sixth the various developments got from 
Laplace’s expansion-theorem, the seventh the development accord- 
ing to elements of a chosen row and a chosen column, and the eighth 


DJ % ai > | Cyybag | i > | Ay yg yy | Pees 
wherep = 7 >=... . 


BROWN, E. W. (1892, 1894): POINCARE, H. (1893) : 
TISSERAND, F. (1894). 


[The elliptic inequalities in the lunar theory. American Journ. of 
Math., xv. pp. 244-263. ] 


[Investigations in the lunar theory. American Journ of Math., xvii. 
pp. 318-358. ] 


[Les méthodes nouvelles de la Mécanique Céleste. ii. §§ 185-187, 
pp. 260-275. ] 
[Traité de Mécanique Céleste. in. pp. 18-26.] 

Section III. (pp. 254-258) of the first paper here and Section V. 
(pp. 331-334) of the second are closely connected with Hill’s work 
of 1877, the two companion determinants arrived at in Hill’s manner 
being interesting for comparison with the original. 

The other writings also deal with Hill’s work, but are of course 
mainly expositional. 
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ROBERTS, E. H. (1894). 
[Note on infinite determinants. Annals of Math., x. pp. 35-49.] 


The author here, though familiar with Koch’s paper of 1892, 
proceeds on his own lines. With him a multilineant is viewed as 
a series of an infinite number of terms, each of which is a product 
of an infinite number of factors. As a consequence the question of 
the order of the terms and the question of the order of the factors 
in a term cannot be left out of consideration. The convention is 
adopted that the order of the elements in a term shall be that of 
the rows to which they belong. The difficulty of choosing a com- 
panion convention in regard to the order of the terms leads to 
attention being concentrated on multilineants in which the order 
of the terms is immaterial. Such multilineants are said to be 
‘absolutely convergent,’ and it is immediately concluded that their 
values are independent of the choice of a diagonal and an origin. 
It is then shown that to an absolutely convergent multilineant as 
thus defined, Poincaré’s second theorem applies; also certain of 
the familiar theorems regarding n-line determinants, namely, the 
theorem regarding the interchange of two parallel lines, the theorem 
regarding the multiplication of a line, and the theorem regarding 
partition when the elements of a line are polynomials. The corre- 
sponding theorems in the case of ‘ semi-convergent’ multilineants 
are given along with these as corollaries. All this leads up to a 
section (pp. 46-49) on actual ‘tests for convergency ’ with which 
the paper closes. The summary of it is that three conditions are 
necessary, namely, (a) that each term be convergent, (8) that each 
term contain only a finite number of negative elements whose 
absolute value=1, (y) that after a certain term is reached every 
subsequent term must either have an evanescent factor or an 
infinite number of factors each less than 1. These conditions, 
however, as is properly pointed out, are not sufficient, so that the 
reader has a natural feeling of not having been carried far. 


KOCH, H. v. (1895). 


[Sur la convergence des déterminants d’ordre infini et des fractions 


continues. Comptes Rendus... Acad. des Sci. (Paris), cxx. 
pp. 144-147.] 
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[Quelques théorémes concernant la théorie générale des fractions 
continues. Ofversigt... Akad. Férhandl. (Stockholm), li. 
pp. 101-112.] 


The second paper here is merely an extension of the first. In the 
present connection its only result of interest is the first of three 
lemmas regarding the multilineant 


Liana * 
|S pel Oe ie 
o@ “Cav lutas 


namely, that for convergence it 1s necessary and sufficient that the sum 
of the absolute values of the products a,B,, a8, ... . be convergent. 


CHAPTER XIX. 
N-DIMENSIONAL DETERMINANTS, FROM 1880 TO 1900. 


In accordance with the action taken and explained in the preceding 
volume, the present chapter is reduced to a purely bibliographical 
list. The number of titles is two-thirds more than for the preceding 
period. 


1880. Escurricu, G. v. Die Determinanten héheren Ranges und 
ihre Verwendung zur Bildung von Invarianten. Denkschr. 
... Akad. d. Wiss: (Wien) : math.-nat. Cl., xliii. (2) pp. 1-12. 

1880. Zasaczkowsk1, W. Theory of determinants with p suffixes 

(in Polish). Pamietnik ... Akad... . Krakowie, vi. pp. 1-31. 

1880. GecENBAUR, L. Ueber Determinanten héheren Ranges. 
Denkschr. Akad. d. Wiss (Wien): math.-nat. Cl., xiii. (2) 
pp. 17-32. 

1881. Scorr, R. F. On some forms of cubic determinants. Pro- 
ceed. London Math. Soc., xiii. pp. 33-42. 

1882. GeaenBAuR, L. Zur Theorie der Determinanten hdheren 
Ranges. Denkschr... . 2 Akad. d. Wiss. (Wien) : math.-nat. 
Cl., xlvi. (2) pp. 291-298. 

1884, GraenBaur, L. Ueber Determinanten hédheren Ranges. 
Denkschr... . Akad. d. Wiss. (Wien) : math.-nat. Cl., xlix. 
(2) pp. 225-230. 

1885. GEGENBAUR, L. Zur Theorie der Determinanten hdheren 


Ranges. Denkschr. . .. Akad. d. Wiss. (Wien) : math.-nat. 
Cl, 1. pp. 145-152. 


1885. ScHENDEL, L. Die r-stufige Determinante nt" Grades. 
Zeitschrift f. Math. u. Phys., xxxii. pp. 185-187. 
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1888. GrGENBAUR, L. Ueber windschiefe Determinanten hdheren 
Ranges. Denkschr.... Akad. d. Wiss. (Wien) : math.-nat. 
CL. lv. pp. 39-48. 


1890. Sztrs, N. v. On cubic determinants (in Magyar). Math. és 
term. tud. értésité (Budapest), viii. pp. 220-237 ; or Math. 
u. naturw. Berichte aus Ungarn, vii. pp. 199-217. 

1890. GecenBAuR, L. Einige Siatze titber Determinanten hoheren 
Ranges. Denkschr.... Akad. d. Wiss. (Wien) : math.-nat. 

CL, Iv. pp. 735-752. 

1892. GearnBAuR, L. Ueber einige arithmetische Determinanten 
héheren Ranges. Sitzwngsb.... Akad. d. Wiss. (Wien), 
ci. (II A) pp. 425-484. 

1892. Geaenspaur, L. Ueber den gréssten gemeinsamen Theiler. 
Sitzungsb.... Akad. d. Wiss. (Wien), ci. (I] 4) pp. 1143- 
1221. 

1892. CAMPBELL, J. E. Notes on determinants. Proceed. London 
Math. Soc., xxiv. pp. 67-79. 

1893. GecenBAuR, L. Einige mathematische Theoreme. Svtz- 
ungsb.... Akad. d. Wiss. (Wien), ci. (II a) pp. 549-564. 

1895. Sziirs, N.v. Zur Theorie der Determinanten héheren Ranges. 
Zeitschrift f. Math. u. Phys., xl. pp. 113-117. 

1898. Cazzanica, T. Précis d’une théorie élémentaire des déter- 
minants cubiques d’ordre infini. Math. Annalen, li. 
pp. 272-288. 

1898. Waxrtscu, E. Ueber eine geometrische Behandlungsweise 
der Elemente der Determinantentheorie. Monatshefte f. 
Math. u. Phys., 1x. pp. 207-214. 

1900. Hepricx, E. R. On three-dimensional determinants. Annals 
of Math., (2) i. pp. 49-67. 

Of the numerous text-books published during the period, Scott’s 
(1880) and Pascal’s (1897) are the only ones that follow the example 
of Giinther in the preceding period (see above, pp. 78-79, 94). 


CHAPTER XX. 
BORDERED DETERMINANTS, UP TO 1900. 


In the introduction to the former chapter on this branch of our 
subject reference should have been made to the notice of Binet’s 
bordered determinant of 1811 (Hzst., i. pp. 70-71), and to the fuller 
account of Caylev’s memoir of 1843 (Hist., ii. pp. 18-20). The 
first of the two sections of the latter memoir (pp 64-75) may be 
said to be wholly concerned with a bordered determinant, namely, 
the special bilinear function 


x Yy z 
& Gd a 
» b by bs 


. . : Fy n+1 
viewed in connection with its linear transformation. His opening 
and main result is that the discriminant, which prior to trans- 


formation is seen to be the adjugate of | a,b.c,...|, A say, is after 
transformation 
| Aykols ... |? A-| ruqers.. |, 
the Jinear substitutions used being 
& = hyw'+ hy’ + hy’ +... £ = rE" + pan’ + pe tae 
y = hye’ + ky’ + kee’ +.. 4 = NE + Gon’ + G36" +. 
a Scoagric Sasi dy G = ng isis: 


We may “ae Ret fa this mee of statement, PR: 
theorem for the general bilinear is easily anticipated. 


LINDELOF, L. (1880). 
(See under this heading in Chap. I.) 
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BURNSIDE, W. S. anp PANTON, A. W. (1881). 
[The Theory of Equations,.... xvi+387 pp. Dublin.] 


It is noted (pp. 258, 259) that the product of an even-ordered 
binary quantic by the corresponding persymmetric determinant 
(z.e. the * catalecticant ’) can be expressed by bordering the latter ; 


for example, Pee ae We 
(ax* +4bay Seo ey?) Nid 5 Roy a ieee bcd n 
e=id se <6 
; ead e é ; 
where n od 


& = ax* + 2bay + cy?, n = bx? + 2cry+dy*, ..... 
If, however, we write the quantic in the form 
came dey 94? 
st bie Gila? 


a 
Oe SON .\22y 
COO BPC Ue, 


the equality is seen to be included in one of Cayley’s of 1848 (Hzst., 
ii. pp. 116-117, 341). 


KRETKOWSKI, W. (1881). 


[O przeksztatceniach pewnych wielomianéw jednorodnych drugiego 
stopnia. Pamietnik Akad... . w Krakowve, vii. pp. 69-73.] 

What is perhaps worth noting here is the natural extension made 
from a quadric to a bilinear in the case of the two following theorems 
(Hist., iii. pp. 95-96): (1) The determinant got by bordering the dis- 
criminant of a quadric by the first differential-coefficients of the quadric 
is equal to 4 times the negative product of the quadric and its discrimi 
nant, (2) the determinant got by bordering the adjugate of the dis- 
criminant of a quadric by the independent variables is equal to the 
negative product of the quadric by the (n—2)" power of the discruminant, 
n being the number of variables. For example, taking the bilinear 


eS Eee or uU sa 
A, A, a3| &’ my 
b, be bs 1] 


Cy eg | ¢ 
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we now have 


|a,bec3|-u = —| a, Gg ag Ou/oE 
b, by bs Ou/On 
CG; ula te) OU OR 
Ou Ou Ou 
Ox Oy e% ; 
and 
| @,59¢3|*?-u = —|A, Ag Ag 
B, B, Bs y 
C, OG, Cs ¢ 
Ne) 3) os 4 


In regard to proofs nothing need be added to what we have already 
said. 
MUIR, T. (1882). 
[On a determinant formed by bordering the product of two deter- 
minants. Messenger of Math., xi. pp. 161-165. ] 

The theorem here established is, when stated for the third order, 
that if the row-by-row product of | a,b.c3| and | a,Byy3| be bordered * 
by 0, a9, bo, Cy and 0, ay, Bo, Yo as row and column respectively, the 
resulting determinant with — prefixed is equal to 

| agbye2 |-| aBry2| + | Aobyes|+| eo Srv3| + | aobses |-| aoSoys|- 
As for the proof it may suffice to say that it starts with replacing 
the 0 of the new row and column by —1 and making at the same 
time a suitable subtraction. There is a certain advantage in writing 
the result in the form 

| A Ay as Qy G, Gy Gy 
by 8 by bs |||] Bo By Be Bs|} — | aybses|-| ay Boys | 
% G% GC, 3 Yo. Ti oyu a 


* It should have been noted that the same procedure is applicable with a similar 
effect in the case where it is the product of two oblong arrays that is bordered. 
Thus, starting with the determinant which is got by multiplying 
@, Gy Ug 
by by by by 


Coy Cauca, °C, 


M) M, Gg ay 
Pr Bz Bs By 


RON ee ke Ae 
we should have reached a sum of six products instead of three, the additional 
three being 


| 496,04 | | 4oBr¥a] + | agbgcy | |@oBxyg| + | agbsc, | | agBs7¢ |- 


and 


BORDERED DETERMINANTS (MUIR, 1885) 431 


MUIR, T. (1885). 
[On bipartite functions. Transac. R. Soc. Edinburgh, xxxil. pp. 
461-482. ] 

What has to be noted here is the theorem (p. 475) that the product 
of a so-called bipartite of degree-order (3, n) by the (n—2)" power of 
the determinant of its square array is expressible as a bordered deter- 
minant of the (n+1)" order: for example, when n is 4, we have 
a3 U% 


2 
g 
ro) 


———— . b Cc d (A [2 =S= — . ay Qs As oT 
b Cc. d e f | 17234 
5, A Ke x " ii B, C, D, K, 
Fs ts i ; 9 B, C, D, EH, 
3 3 3 3 it h Be QC D E 
by Cy dy en ky at) 3 3 3 3 
EE ODE Ee 


The theorem is said to hold when the degree-order is (m, ) and the 
determinant taken is any one of the square arrays of the bipartite. 


SCHRADER, W. (1887). 
[Beitrage zur Theorie der Determinanten. vi+156 pp. Halle.] 
In his section on null determinants (pp. 75-80) Schrader gives a 


theorem regarding | a,b.c;....| when the cofactor of its last 
element vanishes; for example, when nis 4 and | a,b,c,| = 0, he has 
| By Cod | nas | aC2ds | Sed | ods | : 
| b4¢2 | | 40 | | 4b. | 


It would be better, however, to view this apart from | a,b,cs3d, |, 
portion of which it does not concern, and to class it as a property 
of an (n+1)-by-n array having one of its n-line determinants equal 
to 0; or, better still, to say simply that zf | a,b,c,;| = 0, then 
| bicoxs| _ | arCoxs| __—_| au baxs| 
[bic] | na | | abs | 

whatever X, Xz, X3; may be, the reason of course being the propor- 
tionality of the rows of | A,B,C; |. 


KUHNE, H. (1892). 


[Beitrage zur Lehre von der n-fachen Mannigfaltigkeit. Archi d. 
Math. u. Phys., (2) xi. pp. 353-407. ] 


Extensive use is here made of. determinants, those in the first 
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three sections (pp. 354-376) being unit-bordered and originating as 
the cofactor of 6 in 


@y,—b ay2—b ay3—b 
@z3—b  Az2—b a3 —b 
@3;—b 3,—b  a33—b 


No fresh property is referred to. 


ARNALDI, M. (1896). 


{Sui determinanti orlati, e sullo sviluppo di un determinanti per 
determinanti orlati. Giornale di Mat., xxxiv. pp. 209-214.] 


The first theorem here concerns the determinant 
Eu é 12 aes Ein 
fn £+9 be Et fn 


Nive Pasta Mae sei Cpareeks eee Lee 
Nor +++ Ner 42, gg «++ Aen 
"nt see Mnr G1 Ang +++ Ann 


It may be conveniently enunciated as follows: If M be any r-line 
minor of the € array, N any r-line minor of the y array, and P the 
manor of | a,| got by deleting the columns and rows of | a,,| that 
are continuations of the columns of M and the rows of N, then 


B = \(—1)'+*MNP, 


where o ws the sum of the numbers of the columns taken from the € array 
and the numbers of the rows taken from the y array to form M and N. 
The proof is simply a double application of Laplace’s expansion- 
theorem. 

The second theorem is one less likely to be expected, and is more 


interesting. It concerns the determinant, D say, got from B by 
substituting the array 
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for the array of zeros, and consequently it concerns any determinant 
whatever. It may be shortly described as giving an expression for 
D in terms of the minors of | 6,,| and minors of B. As formulated 
by the author in symbols it is a little unwieldy, and the gain in 
clearness is not quite in proportion to the increase in bulk. It 
simply affirms that D 7s equal to an aggregate of products, the first 
factor of which is any manor of | 6,,|, from the order r to the order 0, 
and the second factor that minor of B which is got by deleting the rows 
and columns of B that are occupied in D by the first factor, the first 

term of the aggregate being thus |6,,|-|a,| and the last 1.B. 
It is reached somewhat artificially but effectively by changing each 
element 6), Into 6,,-+0 and each element »;, into 0+n,, and then 
expanding D as a sum of 2” determinants with monomial elements. 
For example, when » is 3 and r is 2, the five-line D 


Oyut0 +0 £5 £12. fis 
dutO dxtO £2 EFo2 fos 
= |O+m, O+me Gy U2 | 
O+Ne O+MN22 Go, Aon Ap3 | 
O-+n31 O-+n32 M31 M32 33 


OOS RC Gaede yiaiahoit bate) SamenOve + 
| 
Oo; Joe fn +--+ a1 | Joe 
Ay 112 I Terta > | space 11 N12 
Qo, +++ mee Nog +++ 491 Se fc Ord 91 192 
13, ae: se . 432 on jokes 31 . Seay 31 32 


| ou Oog| | Q11 ee A33 | 


Ou) -- 21 foe £23 | Cant Eun 2 €13| S12] - fo E20 
M2 G1 Ae As Ny2 1 Ae Ay M1 1 Np 
Hog q7  AnQ  Ag8 Noo Ge, G22 Ao8 Noy G21 Age 
N32 431 432 33 N32 %31 432 A338 N31 431 As2 
+dse|- &u E12 Eis|+] - Mee Cam cis 
Ny, 44, A218 fo £09 £93 
oy 23 22 M28 mi m2 %1 M2 43 
N31 431 2 4% Noi Nog G1 G22 28 
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BONOLIS, A. (1896). 
(See under this heading in Chap. I.) 


NANSON, E. J. (1898). 


[On partial compounds. Messenger of Math., xxviii. pp. 17-19.] 

Here we have a wide generalization of Muir’s theorem (1882) on 
the bordering of a product-determinant, the border, for one thing, 
being no longer restricted to a single line. The more important 
part of the result is in effect as follows: If the row-by-row product 
of the first k columns of two m-by-n arrays A, B be bordered by the 
remaming columns, the determinant of the result is equal to the sum 
of the terms in the expansion of AB which involve all the bordering 
elements. The mode of proof and the theorem itself will be readily 
understood from considering the case where m, n, k = 3,6,4. The 
arrays being 


Oi} Pile are womathe @) alg) a oe Ee 
Oy Og hs Og BN ay de Ba 
Oye” Kine Og A te es 5 
we have 
Ay. Ag, As (Gp) oa. 
B, B, By 6, . bg 
Gq G& CG « Ce 
a, 8s Ys 
a Be Ye 
a, Ag As My As Oy Oy tees as 
b, by bs by bs de Bi Bz Bs By Bs 
C, Cy Cg Cy Cy Cy CPs) Bees on rhS V5 
1 ; ; ‘ coe e, ee 
1 : el 


| yb 5¢¢ | | a Ps¥6| + | dabseg | a285¥—6| + | Asb5e¢ | | as 8576 | 
at Agb5c¢ | | ayB576 | . 


CHAPTER XXI. 


DETERMINANTS HAVING INVARIANT FACTORS, 
FROM 1851 TO 1900. 


THE first recognition of the importance of the factors here referred 
to dates from 1851, and was due to Sylvester: but the methodical 
study of them under a special name came only after a considerable 
interval. The different varieties of determinant that fall to be 
dealt with will appear as we proceed ; but it may be said generally 
that a determinant having invariant-factors is one whose elements 
are such that every set of its minors may legitimately be expected 
to have a highest-common-factor, and that the invariant-factors 
are factors selected from the determinant’s ordinary factors in 
accordance with specified conditions in order to be of use for a 
definite purpose. Thus, while the determinant 


ee BK TN 
Oe 
Ey SOG ren enarae 


which is equal to 
(A+u)?(8A—p), 


is viewed in elementary algebra as having the six factors 
1, Atu, (Atm), 8r—4, (A+m)(8A—pz), A+H)?(8A—w), 
and is also there spoken of as having the linear factors 
A+u, Atm, 8A—p, 
we are now face to face with the group 


(A+m)(8A—p), ATH 
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the members of which are called in English—in accordance with 
one usage at least, and the other usage is analogous—the invariant- 
factors of the determinant. The name is not altogether commend- 
able, as there are other factors to which it might appropriately be 
given: it is preferable, however, to a translation of the German 
word ‘ Elementartheiler.’ The fact of the group being singled out 
for use in the application of certain criteria suggests that the name 
‘critical factors ’ would be fairly suitable, and that at any rate in 
the final adjustment of nomenclature the word ‘ critical ’ might be 
used where a second adjective is wanted to promote clearness. 


SYLVESTER, J. J. (1851). 

[An enumeration of the contacts of lines and surfaces of the second 
order. Philos. Magazine, (4) i. pp. 119-140; or Collected Math. 
Papers, i. pp. 219-240.] * 

Sylvester’s mode of attacking his geometrical problem involves 


the consideration of LJ(U+AV), the so-called determinant of 
U-+AV, where 


U = aa* + by? + cz + 2a’yz + 2b’zx + 2c'cry, 
V = ax? + By? + y2 + 2a’yz + 20’2x + y’'ay ; 
—that is to say, the discriminant 
atary e+y'rA W'+6'A 
e+y'rX 6+4+Br a’+a’r 
b'+6’ a’+a'X c+yr 
His words are that ‘““U-++-AV will be the function, the properties of 
whose complete determinant and of the minor systems of deter- 


minants belonging to it will serve to specify the nature of the con- 
tact.” In the three pages of introduction, from which these words 


* This is the last of a series of four papers touching more or less on the same 
subject. The three others are : 


On the intersections, contacts, .... C. and D. Math. Journ, v. (1850) 
pp. 262-282 ; 

On anew class of theorems .... Philos. Magazine, xxxvii. (1850) pp. 213-218. 

Additions to the Articles.... Philos. Magazine, xxxvii. (1850) pp. 363-370. 


The four are numbered 22, 24, 25, 36 in the Collected Math. Papers, i. 
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are taken, he gives very little account of the theory on which his 
procedure depends: this has to be gathered in considerable part 
from the sixteen pages devoted to the critical examination of the 
various cases which he skilfully succeeds in bringing to light. There 
are indeed only two results actually formulated. The first is the 
property of invariance, namely, that “if all the minors of any 
order of L1(U+AV) have a factor \+e in common, this factor 
will continue common to the same system of minors when U and 
V are simultaneously transformed” by a linear substitution per- 
formed on their variables. The other is that “if any factor K° 
enter into all the 7” minors of W,* and if K* be the highest power 
of K common to all the (r-+1)™ minors, then K*- will be a common 
factor to all the (r—1)™ minors.” By the 7” minors Sylvester 
means the minors having »—r rows: his corollary, when we follow 
the other usage, is If the k-line minors have a common factor p*, the 
(k+-h)-line minors contain at lowest the factor p®t+)+, In a footnote 
he points to the natural extension of the theory from quadric to 
bilinear functions (the latter called by him ‘ binary’), giving the 
instance where the twin sets of variables are x, y, z and 2’, y’, 2’, 
and the determinant is | ab’c’ |. 

Through using the requisite factors for purposes of classification 
in ordinary geometry, he is led to think of the corresponding problem 
of enumeration for higher dimensions, and to give the number of 
cases when the determinant is of the 5, 6, 7, 8 orders. 


CAYLEY, A. (1854). 


[Recherches sur les matrices dont les termes sont des fonctions 
linéaires d’une seule indeterminée. Crelle’s Journ., |. pp. 313- 
317; or Collected Math. Papers, ui. pp. 216-220. ] 

Cayley avowedly continues a particular part of the work of 
Sylvester. His n-line determinant (or square matrix) is any one 
whose elements are all linear functions of one and the same variable, 
and thus differs from Sylvester’s only in not being restricted to 


* More properly O(W), W being any quadratic function. 


+ Or, any one whose array is a sum of multiples of two arrays,—a bimatricant, 
afterwards occurring in a quite different connection (see below p. 492). 
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axisymmetry. In the first place he seeks to find out, in the case 
of such a determinant having (\ —a)* for a factor, the highest power 
of \—a that may be a factor of all the (n —1)-line minors, the highest 
power that may be a factor of all the (n—2)-line minors, and so on. 
The result, in effect already reached by Sylvester, is that every three 
consecutive exponents a, 3, y of the series of such powers is subject 
to the condition a—28+y=0; or, as Cayley puts it, that the 
series of exponents has not only its first differences non-negative 
but its second differences also. From knowing this and that a=n, 
it is not difficult to find by trial, as doubtless Sylvester did, the 
various different ways in which the factors of a determinant may 
be distributed. Cayley, however, methodizes the work, gives the 
generating function from which can be found the number of different 
possible cases for any particular value of n, and devises a symbolical 
label for representing briefly the facts in each case. Thus, being 
4, the number of possible cases is found to be 12, in agreement with 
Sylvester, and one of the 12 labels is 


the first row of which indicates that the determinant contains 
(A —a)®, that its three-line minors all contain (\—a)%, and its two- 
line minors all contain (\—a)!: and the second row to indicate that 
the determinant contains the factor (\ —b)! while none of its minors 
does. Sylvester’s numbers for the cases where n is greater than 
4 receive slight corrections. 


SYLVESTER, J. J. (1854). 


[Note on the “ Enumeration of the contacts of lines and surfaces 
of the second order.” Philos. Magazine, (4) vil. pp. 331-334 ; 
or Collected Math. Papers, ii. pp. 30-33. ] 


A further advance, suggested by Cayley’s paper, is here made in 
the denumeration problem, the first eleven numbers of cases being 
given, namely, 


1, 3, 6, 14, 27, 58, 111, 223, 424, 817, 1527. 
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SMITH, H. J. 8. (1861).* 


[On systems of linear indeterminate equations and congruences. 
Philos. Transac. R. Soc. London, cli. pp. 293-326; or Coll. 
Math. Papers, i. pp. 367-406.] 


The equations here dealt with have integers for their coefficients, 
and the solutions are wanted in integers ; naturally, therefore, the 
special form of determinant or oblong array which occurs is that 
having only integers for elements. Although almost the whole of 
the memoir is of more or less interest to us (Hist., iii. pp. 5, 83-84), 
the sections which concern our present special heading are §§ 12-16. 
A beginning is made with the theorem that If a rectangular array 
be pre-multiplied by a unit determinant, the highest-common-factor of 
any column of minors is the same in the product as in the given array. 
A kind of companion theorem to this is next given, namely, that 
If a determinant be post-multiplied by a rectangular array whose 
primary minors are mutually prime, the highest-common-factor of any 
row of minors is the same in the product as in the given determinant. 
Then by a combination of the pair there is deduced the important 
result that In any n-line determinant of integers the numbers 
Via» Vn-v ++ +> Vy, which represent the highest-common-factors of all 
the minors of order n, n—1,..., 1 respectively, will remain un- 
changed when the determinant is pre-multiplied by any unit-determinant 
and post-multiplied by any n-row rectangular array whose primary 
minors are mutually prime. The theorems of §§13, 14 form a 
similar set of three, their subject being possible transformations 
of a determinant of integers through the multiplication of it by 
unit-determinants. The first of them is that Any determinant of 


*In view of what has already been said (Hist., iii. pp. 5, 11) on this paper and 
another of Smith’s, it is just worth noting by way of correction in regard to 
notation that in it (p. 297) he writes a set of equations in the form 

41% + Ai2He +... + AinX,r=0, | 
Cis ile, By Bh snot is 


k=n 
or even (p. 298) in the form D air. =0; 


c=1 


and a determinant (p. 302) in the form 
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integers can through post-multiplication by a unit-determinant be 
transformed into 


My Tyo Tyg +--+ Tin 
Me T93 Ten 
3 T3n 

Bn }> 


where the y's are positive, the r’s not negative, and each « is greater 
than any r in the same row with it. The companion theorem is 
obtained by substituting in this ‘pre-’ for ‘post-’ and ‘column’ 
for ‘row’: and the important deduced result is that If | a,,|, be a 
determinant of integers, and V,, Vn_1,.-., Vy the highest-common- 
factors of its successive sets of minors, then two unit-determinants 
U’, U" can be found such that 
(‘Sin pee Oe Vee ; dapseseg vee ee 
Vat Vice 
pi ahi eet ol a 
Involved in the proof of this is a property of the V’s, namely, that 
V,/Vs-1 ts divisible by V,_,/V,-2: 
and, in a short paragraph immediately following, it is shown that 
the same holds good for the V’s of an oblong array. Of like inci- 
dental character is the theorem that If in any rectangular array each 
s-line minor be divided by the highest-common-factor of its own (s—1)- 
line minors, the highest-common-factor of all the. quotients thus obtained 
is VJV,.—a theorem which, he says, will bear the extension 
corresponding to the substitution herein of s—k for s—l. The 
unextended theorem practically defines V,/V,_, as a highest- 
common-factor ; and, viewing it in this light, he draws the con- 
clusion that If a matrix be contained in another, not only is V, in 
the case of the former divisible by the corresponding highest-common- 
factor in the case of the latter. but also V/V. is divisible by the 
corresponding quotrent. In conclusion, using p“ to stand for ‘the 
highest power of a prime p contained in all the s-line minors of an 
array,’ he gives as an alternative to one of the later results: if all 
the primary minors of a particular s-line minor be divisible by pst, 
the latter minor is divisible by p*t™. 
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WEIERSTRASS, K. (1868). 


[Zur Theorie der bilinearen und quadratischen Formen. Monatsb. 
... Akad. d. Wass. (Berlin), Jahrg. 1868, pp. 310-338; or 
Math. Werke, uu. pp. 19-44.] 


With Weierstrass we find ourselves brought back to the view- 
point of Sylvester (1851), the subject-matter now being a family 
of loci, pP-+qQ, of which the parent forms P, Q are both bilinears 
Mm a, ..., % and ¥,,...; ¥, At the outset-a page (p. 111) is 
devoted to explaining his use of the term elementary-divisor 
(‘ Elementartheiler ’). In condensed form what he says is that 
If ap+bq be any linear factor of [P, Q] the determinant of pP+qQ, 
and (ap+bq)"* be the highest power of ap-+bq contained in all the 
(n—k)-line minors of [P, Q], then 


(ap-+bq)*~4, (ap-+bq)'—, 


are called ‘ elementary-divisors’ of [P, Q], it having been previously 
proved that 
ee te ie ee 10 


and herp se. Nal bat ond 0 


The property of invariance, imperfectly stated by Sylvester, is 
then carefully formulated and proved (pp. 312-313), the enunciation 
being in effect that If bilinear forms P, Q be changed by a pair of 
linear substitutions of non-zero determinant into P’, Q’, then the 
determinants of pP+qQ, pP’+qQ’ agree in their elementary divisors. 
The converse theorem is next taken up, namely, that If the deter- 
minant of a family of bilinears pP+qQ agree in their elementary- 
divisors with the determinant of the family pP’+qQ’, then a pair of 
linear substitutions can be found which will simultaneously transform 
P into P’ and Q into Q’. The proof of it is very much more trouble- 
some than the other, more than half of the whole paper being 
occupied directly or indirectly with the discussion of it. In the 
first place an auxiliary transformation of P and Q has to be brought 
about, the most prominent peculiarity of which is that the new 
companion-like expressions obtained for P and Q involve entities 
connected with the determinant of pP-+qQ,—indeed, the expres- 
sions are fully determinable as soon as the ‘elementary divisors ’ 
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of the said determinant are known. To the establishment and 
elucidation of this transformation all the second section (pp. 314- 
324) is devoted,—a fact that alone tends to suggest something of 
special difficulty or complexity in the process. When it has been 
accomplished, however, the application of the result to achieve the 
desired proof is comparatively easy, and along with related matters, 
such as the change of P, Q into the forms 


34; te eee a XV. PX, ee ee 


is fully dealt with in §§ 3, 4 (pp. 325-331). The remaining section 
(pp. 332-338) is given up to the consideration of the analogous 
theorems which hold when P and Q, instead of being bilinears, are 
quadrics. 


SMITH, H. J. 8. (1873). 


[On the arithmetical invariants of a rectangular matrix of which 
the constituents are integral numbers. Proceed. London Math. 
Soc., iv. pp. 236-240 ; or Coll. Math. Papers, ii. pp. 67--71.] 


This is a short but not unimportant continuation of the writer’s 
paper of 1861, the invariants referred to being the V’s of that 
paper,—that is to say, V, is the highest-common-factor of the 
s-line minors of the given rectangular array of integers. Restating 
one of the last theorems of his former paper, namely, that defining 
V,/V,-1 as a highest-common-factor, he thence makes the deduction 
that Any s-line minor, which is not divisible by a higher power of a 
prime p than V, is, contains at least one primary minor which is not 
divisible by a higher power of p than V,_, is. This he also extends 
a little, while shortening the enunciation into Any minor which is 
not divisible in excess by p* contains at least one primary minor which 
is not divisible in excess by p®. He then supplies to each of these 
three theorems a companion, or, as he terms it, a ‘reciprocal ’ 
theorem, introducing for the purpose the use of major as the counter 
term to minor,—that is to say, so that B being a minor of A, A is 
a major of B. Of the new three the basic theorem is that If each 
(s—1)-line minor be divided by the highest-common-factor of its own 
first majors, the highest-common-factor of all the fractions thus obtained 
is V,_,/V,: in other words, V,/V,_, is the lowest-common-multiple 
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of the denominators of the fractions. The second of the two others 
is that Any minor which is not divisible in excess by p* is contained 
on at least one first major which is not divisible in excess by p’. When 
the given array is square, the adjugate array can be taken into 
consideration, and there thus originates a self-reciprocal theorem, 
which in its final extended form is that In any determinant of integers 
the haghest-common-factor of the (s—k)-line minors pertaining to a 
gwen s-line minor is identical with the highest-common-factor of the 
(s+k)-line majors pertaining to the same minor, so far as factors 
prime to the determinant are concerned. The same final extension, 
namely, from | to k, is given also to the basic theorems of the two 
sets of three above. 


SMITH, H. J. 8. (1873). 


[On systems of linear congruences. Proceed. London Math. Soc., 
iv. pp. 241-249 ; or Collected Math. Papers, ii. pp. 71-80.] 


Here (pp. 244-245) is dealt with a theorem which belongs in 
strictness to the subject of the foregoing paper, namely, If in an 
m-by-n array of integers (M=n) Qn, Qu-1, .--- be the haghest- 
common-factors of the various sets of minors, and q,, qs-1, - + + » those 
of an s-by-n array forming part of the former, then Q,/Qy-+ vs divisible 
by q;/q;-t- It is also worth noting that at the close (§ 11) he gives 
a proof that his important transformation-theorem of 1861 has, as 
he says, “an infinite number of solutions, ’—in other words, that 
U’, U” in it admit of endless variety. 


STICKELBERGER, L. (1878). 


[Ueber Schaaren von bilinearen und quadratischen Formen. 
Crelle’s Journ., Ixxxvi. pp. 20-43. ] 


Seeing that Stickelberger in the study of his subject had read 
Darboux as well as Weierstrass and Kronecker, we are not unpre- 
pared to find him resort to the bordering of the discriminant in 
dealing with the different sets of its minors (Hist., 11. p. 440; p. 301 
note *). Unfortunately, this does not lead to conciseness in the 
statement of results. Of the few theorems that directly concern 
us, the fundamental one (p. 33) is in effect as follows: The dis- 
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criminant of the family of bilinears \A—B being non-zero and denoted 
by | ci, |, or W say, and 


Cy Cin Vay Cy Cin Vir Vie 
Chi Con Vu Chi Con Vni Vne oa 
Uy, Ujn ? Uy Uin 
| 
| Ug) Ugn }9 
be denoted by 
Wis ? Wis &  deub yee Soe 


of each of the W's up to and including W4y-1) be not divisible by a 
higher power uf X—c than are the coefficients of the bilinear form got 
from the said W by substituting the variables £,,..., &, for the last 
row of ws and n,..., ny for the last column of v’s, then W4., is not 
divisible by a higher power of \—c than are all the (n—v)-line minors 
of W. The proof, it has to be noted, is dependent on the change 
of AA—B into Weierstrass’ ‘reduced’ form. What we are finally 
led up to is the following (pp. 38-39): The discriminant of the 
family of bilinears \A—B being non-zero and denoted by W, and 
Ww away ewes 

being such that each w is a primary minor of the one immediately 
preceding it, and contains no higher power of \—c than any other of 
the set of primary minors to which it belongs, then w, contains \—c 
im no higher power than any other (n—y)-line minor of W. 


FROBENIUS, G. (1878). 


[Theorie der linearen Formen mit ganzen Coefticienten. Crelle’s 
Journ., Ixxxvi. pp. 146-208.] 


The title of this extensive paper at once recalls Smith’s of 1861 ; 
but, as the writer had been led to the investigation by the study 
of a problem of bilinear forms, it is not unnatural to find that a 
goodly portion of his space is occupied with the latter. This being 
the case, we note with interest that he is acquainted with practically 
all the papers which we have dealt with up to this point. 

So far as our special subject is concerned, he opens (p. 148) quite 
in the style of Smith, namely, with the highest-common-factors of 
the various sets of minors of a determinant of integers |a@ g|,. 
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Smith’s quotients of invariants, V,/V,_,, he deals with under the 
symbol E,; but, using Weierstrass’ word, he calls E, the s*” ‘ ele- 
mentary-divisor.’ It must be noted, too, that the determinant is 
not limited to being non-zero, but is taken of non-zero rank 7: we 
are also given to understand in passing that the elements, instead 
of being taken as integers, might have been taken as ‘integral 
functions of a parameter.’ But the greatest difference of all is 
that | a.¢|, is not studied directly by itself: its every element dag 
is at once attached to a product of variables z,yg, and thereafter 
the determinant appears merely as the discriminant of a bilinear 
form. The transformation of bilinears is then dealt with, par- 
ticularly the reduction to the form 


hytyyy + hobo +... . +h pyp? 

and it is only when p. 159 is reached that we arrive at elementary 
theorems like the divisibility of V, by V,_, and of KE, by E,_,. 
Following on this comes a section (§6) headed ‘Simple * and 
Compound Elementary-Divisors,’ opening with a theorem stated 
in Cayley’s manner, namely, that The exponents which any particular 
prime bears in V,, Vr-1,..-- form a series whose first and second 
differences are non-negative ; but containing on next page an equally 
familiar theorem stated quite differently, namely, If Lasexaye be in 
any way by unimodular substitutions transformed into Lhyx,yy, the 
number of pairs of variables in the latter is r, and the h’s form a system 
of compound elementary-divisors of LagXzye. Here it will even be 
observed that it is the form, not the determinant, that is credited 
with the elementary-divisors. 

Most of the remaining sections (pp. 165-208) are concerned with 
linear equations and congruences. 


FROBENIUS, G. (1879). 
[Theorie der linearen Formen mit ganzen Coefficienten. Crelle’s 
Journ., xxxvil. pp. 96-116. ] 


This is a continuation of the paper just reported on. The section 
which most directly concerns us is the last (pp. 113-116). It opens 


* The power to which any single prime is raised in any elementary-divisor is 
called a ‘ simple elementary-divisor,’ 
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with what is called an extension of a theorem of Smith’s, namely, 
In order that a bilinear form B may be linearly transformable from 
another A it is necessary and sufficient that B does not exceed A in 
non-zero rank and that any invariant-factor of B be divisible by the 
corresponding invariant-factor of A. A more important theorem, 
however, is his own, being only foreshadowed by Smith, namely, 
The highest-common-factor of the s-line minors of ABC . . . is divisible 
by the product of the highest-common-factors of the s-line minors of 
A, B, C,...; and the s” invariant-factor of ABC... is the lowest- 
common-multiple of the s invariant-factors of A, B, C,.... This 
immediately leads up to Smith’s theorem about V,/V,_, being 
itself a highest-common-factor, and thence to its author’s deduction 
from it which Frobenius here puts in the form—If an s-line minor 
of A contains a prime in no higher power than do the other s-line 
minors, then among the r-line minors of the said minor there is one 
that contains the said prime in no higher power than do all the r-line 
minors of A—pointing out also that from it there readily follows 
Stickelberger’s theorem of the year before. 


VOSS, A. (1889). 


[Ueber einen Satz aus der Theorie der Determinanten. Sitzwngsb. 
... Akad. d. Wiss. (Miinchen), xix. pp. 329-339.] 


The theorem in question is Stickelberger’s first, paraphrased by 
us above, the writer’s merit being that besides improving it he 
establishes it, as seems natural, on a purely determinantal basis. 
Although he shortens the writing of the bordered determinants by 
using Salmon’s notation (Hist., iii. pp. 434-435, 437), the proof 
occupies much space. 


SAUVAGE, L. (1891, 1893). 
[Théorie des diviseurs élémentaires et applications. Ann. del Ec. 
norm. sup., (3) vill. pp. 285-340.] 
[Compléments 4 la théorie des diviseurs élémentaires. Ann. de 
Ec. norm. sup., (3) x. pp. 9-42.] 


Valuable mainly, but not exclusively, as an exposition and a 
continuation of the work of Weierstrass and of Darboux. 
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FROBENIUS, G. (1894). 


[Ueber die Elementartheiler der Determinanten. Sitzwngsb. ... 
Akad. d. Wiss. (Berlin), 1894, pp. 31-44.] 


Hitherto Frobenius’ contributions to the theory of invariant- 
factors have appeared in memoirs dealing directly or indirectly with 
bilinear forms. Now he devotes to it alone a paper of a dozen 
pages, there being no reference to bilinears save in the historical 


introduction ; and, what is more important, no mixing up of the 


technicalities of the two subjects. 

At the outset he notes a possible further extension in the nature 
of the elements, which may now, without calling for any serious 
change of treatment, be integral magnitudes belonging to oue and 
the same domain of rationality. Incidentally he gives ‘ elementary- 
invariant’ as an alternative for Weierstrass’ ‘ elementary-divisor.’ 
Smith’s term ‘major’ is adopted, being translated into ‘ Super- 
determinante’; and for Smith’s ‘not divisible in excess (by 7p)’ 
and his own still longer expression he substitutes ‘ regular (in regard 
to p) —a convenient change leading to considerable shortening in 
the formulation of theorems. Of the ten theorems enunciated and 
established, the first to be noted is the fourth, namely, The product, 
M,M,, of any s-line minor and any t-line minor is divisible by the 
product of the highest-common-factor of all the (t—u)-line minors of 
M, and the highest-common-factor of all the (s+u)-line mayors of M,, 
t being >s andu}t—s. The fifth theorem is an easy deduction 
from the first and second, namely, If a minor M and one of tts minors 
N be both regular, there exists a regular minor which is a minor of M 
and a major of N. In the next section (§ 2), after showing that by 
mere transposition of rows and of columns a determinant may be so 
changed as to have the first of each of its sets of minors regular, he 
takes up the case where the basic determinant is axisymmetric. 
Here his first established result is that If in an axisymmetric deter- 
minant the first p-line minor be regular, and none of its coaxial primary 
majors be regular, then the first (p+2)-line minor is regular. From 
this he is led to the theorem that By mere transposition of rows and 
of columns an axisymmetric determinant may be changed into another 
such that if its first p-line minor be non-regular, then both the first 
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(p—1)-line minor and the first (p+1)-line minor are regular, and 
@n41 =e. Asimple corollary to this but entitled ‘Theorem Vin 
is that If in an axisymmetric determinant transformed as in the pre- 
ceding @741 > €e, then the first c-line minor is regular. As a con- 
sequence of these it easily follows that we can have the first r-line 
minor always regular. The theorems of the next section ($3) we 
have already had under notice, two being due to Smith and one 
to Frobenius himself. As the two former, however, are now stated 
in regard to a single prime factor p, a second enunciation of them 
is not uncalled for. In their new form they are: 1°. Jf an s-line 
minor M be divided by the highest-common-factor of its primary minors, 
the quotient contains p in the power K, at least ; and, of M is regular, 
in that power exactly. 2°. If the highest-common-factor of the primary 
majors of an (s—1)-line minor N be divided by N, the numerator of 
the reduced quotient contains p in the power E, at most; and, uf N 
is regular, in that power exactly. The next section (§ 4) is devoted to a 
determinantal equality which is quite independent of the subject 
of invariant-factors, being concerned simply with the summation 
of a peculiar inflated aggregate of products of pairs of determinants. 
In this all the first factors of the products are minors of any fixed 
rectangular array of |a@,,|, every minor of every order, even the 
0", being taken ; the second factor is in every case the cofactor of 
the first in | a,,|; the sign prefixed to any product is + or —. 
according as the first factor of the product is of even or odd order ; 
and the sum of the whole is the determinant got from | a,,| by 
making all the elements of the fixed array zeros.* The contents 
of the last section are two additional demonstrations, one of 
Theorem IX. by Frobenius himself and one suggested by Hensel 
of Theorem IV. 


HENSEL, K. (1894). 


[Ueber reguliire Determinanten, und die aus ihnen abgeleiteten 
Systeme. Crelle’s Journ., exiv. pp. 25-30.] 

Without extending the usage of ‘ regular,’ Hensel’s interesting 

result is that If a given minor be equal to the highest-common-factor 


*In Frobenius’ statement, which involves a considerable number of symbols, 
there is a dangerous misprint of r for s in the third line, 
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of rts set, then the highest-common-factors of its own sets of minors 
and majors in ascending order are equal to V,, Vo, ..., Vn respec- 
twely. He also deduces and formulates the analogous theorem 
where the equality, instead of being absolute, is limited to the 
highest power of a prime factor ; and having his eye, like Stickel- 
berger and Frobenius, on the difficulty in Weierstrass’ memoir, 
ends up with the now familiar double theorem—Any munor that 1s 
regular has at least one primary minor and one primary major that 
are similarly regular. 


HENSEL, K. (1894). 


[Ueber die Elementartheiler componirter Systeme. Crelle’s Journ., 
exiv. pp. 109-115.] 


The theorem here set for proof and attributed to Frobenius (but 
note the latter’s view above) is that The necessary and sufficient 
condition that one given matrix may be a multiple of another vs that 
each invariant-factor of the former be a multiple of the corresponding 
invariant-factor of the latter. It may be worth noting that a proof 
is incidentally given (p. 113) also of the first theorem of Frobenius’ 
collection, Hensel’s special merit lying in the care bestowed on his 
demonstrations. 


SAUVAGE, L. (1895). 


[Note sur le équations en ) de la géométrie. Nouv. Annales de 
Math., (3) xiv. pp. 369-385. ] 


The last eight pages of this contain an elementary sketch of 
invariant-factors and their applications as conceived by Weierstrass. 


PINCHERLE, §. (1897). 


[Mémoire sur le calcul fonctionnel distributif. Math. Annalen, xlix. 
pp. 325-381. ] 


This comprehensive memoir contains a chapter (§§ 29-40) bearing 
the heading “‘ Variétés invariantes pour une opération donnée,” and 
dealing with matter closely connected with invariant-factors. The 
latter subject, however, is only referred to in a footnote, where 
further the author merely says that the reader will see for himself 
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how naturally and easily the new theory leads to the concept of 
“ Weierstrass’ elementary-divisors.”’ * 


MUTH, P. (1899). 


[Theorie und Anwendung der Elementartheiler. xvi+236 pp. 
Leipzig. | 

This, the first text-book on invariant-factors, is almost as extensive 
as the last edition of Baltzer’s similar work dealing with the whole 
subject of determinants. By far the greater portion of it is occupied 
with the ‘applications,’ the subject of bilinear forms naturally 
receiving most attention. Almost from the very start, indeed, the 
latter subject is seriously entered on, the second chapter or section 
(§ 2, pp. 20-42) being devoted to the so-called ‘ symbolical ’ treat- 
ment of these forms, that is to say, to Cayleyan matrices. 

The first chapter (pp. 1-19) contains an exposition of the theory 
alone. The four opening pages present it from the purely Weier- 
strassian standpoint, the determinants being of the type con- 
sidered by Sylvester in his first foreshadowings of the subject. 
Attention is then transferred to determinants suitable for treatment 
in Smith’s manner, that is to say, determinants whose elements are 
integers or integral functions of one and the same set of variables ; 
and to these the rest of the chapter is givenup. In the third chapter 
(§ 3, pp. 48-57) the subjects considered are determinants having 
integers for elements and bilinears having integers for coefficients ; 
in the fourth (§ 4, pp. 58-63) the said elements and coefficients are 
integral functions of one and the same variable; and in the fifth 
(§ 5, pp. 63-69) they are binary quantics of one and the same degree. 
The* remaining thirteen chapters deal almost entirely with the 
so-called applications, that is to say, with the discussion of subjects 
whose treatment is facilitated by the use of invariant-factors in the 
specification of conditions and in divers other ways. 

As far as the theory is concerned, there is little of fresh interest 
to point to. The material is brought together in an order con- 


* The memoir being intended, doubtless, to spread a knowledge of the author’s 
‘calculus’ is to a considerable extent a re-exposition of results communicated to 
the academies of Bologna, Turin and Rome in 1875, 1876, 
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sidered suitable for purposes of exposition and demonstration ; the 
proofs are in parts expanded and in general made easier reading ; 
and there is a conscientious supply of notes to indicate the sources. 
Under these heads the author has done good service. 


BIBLIOGRAPHICAL Nore. 


From what precedes it will readily be understood that in addition 
to the papers here reported on there are others which may possibly 
prove helpful, although directly dealing only with subjects to which 
invariant-factors are merely auxiliary. The titles of about thirty 
of these are herewith added : it will be seen that by far the greater 
number concern bilinear and quadratic forms. A few which 
do not use invariant-factors have been included for the sake of 
continuity. 


1858. Weierstrass, K. Ueber ein die homogenen Function 
zweiten Grades betreffendes Theorem... Monatsb.... 
Akad. d. Wiss. (Berlin), 1858, pp. 207-220; or Math. 
Werke, i. pp. 233-246. 

1868. Kronecker, L. Ueber Schaaren quadratischer Formen. 
Monatsb.... Akad. d. Wiss. (Berlin), 1868, pp. 339-346 ; 
or Werke, i. pp. 165-174. 

1873. Jorpan, C. Sur les polynémes bilinéaires. Comptes Rendus 
... Acad. des Scv. (Paris), xxvii. pp. 1487-1491. 

1874. Kronecker, L. Ueber Schaaren von quadratischen und 
bilinearen Formen. Monatsb. ... Akad. d. Wiss. (Berlin), 
1874, pp. 59-76, 149-156, 206-232; or Werke, i. pp. 351- 
372, 373-381, 382-399, 400-403, 404-413. Also, Comptes 
Rendus. . . Acad. des Sci. (Paris), Ixxviil. pp. 1181-1182. 

1874. Jorpan, C. Mémoire sur les formes bilinéaires. Journ. (de 
Iiouville) de Math., (2) xix. pp. 35-54. 

1874. DarBoux, G. Mémoire sur la théorie algébrique des formes 
quadratiques. Journ. (de Liouville) de Math., (2) xix. 
pp. 347-396. 

1874. Jorpan, C. Mémoire sur la réduction et la transformation 
des systémes quadratiques. Journ, (de Liouville) de Math., 


1874. 


1887. 


1887. 


1889. 


1889. 


1889. 


1889. 


1890. 


1890. 


1890. 


1891 


1895 
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(2) xix. pp. 397-422. Also, Comptes Rendus . . . Acad. des 
Sct. (Paris), lxxviii. pp. 614-617, 1763-1766. 


Kronecker, L. Ueber die congruenten Transformationen 
der bilinearen Formen. Monatsb.... Akad. d. Wiss. 
(Berlin), 1874, pp. 397-447; or Werke, i. pp. 423-483. 


Maurer, L. Zur Theorie der linearen Substitutionen. 
Dissert. 26 pp. Strassburg. 


Voss, A. Ueber bilineare Formen. G6ttinger Nachrichten, 
1887, pp. 424-433. 


Weyr, E. 0 theorii forem bilinearnych. 111 pp. V Praze. 
German translation in Monatshefte f. Math. u. Phys., 1. 
(1890) pp. 163-236. 


Voss, A. Ueber die conjugirte Transformation einer bi- 
linearen Form in sich selbst. Sitzwngsb. ... Akad. d. Wiss. 
(Miinchen), xix. pp. 175-211. 


Voss, A. Ueber die mit einer bilinearen Form vertauschbaren 
bilinearen Formen. Sitzwngsb.... Akad. d. Wiss. (Miin- 
chen), xix. pp. 283-300. 


CosserAT, E. Sur les formes bilinéaires. Annales... 
Faculté des Sci. (Toulouse), in. M. pp. 1-12. 


Voss, A. Ueber die cogredienten Transformationen einer 
bilinearen Form in sich selbst. Abhandl.... Akad. d. 
Wiss. (Miinchen), xvuy. pp. 235-356. 


Fropentus, G. Theorie der biquadratischen Formen. 
Crelle’s Journ., evi. pp. 125-188. 

Kronecker, L. Algebraische Reduktion der Schaaren 
quadratischen Formen.  Sutzwngsb.... Akad. d. Wiss. 
(Berlin), 1890, pp. 1225-1237, 1375-1388 ; 1891, pp. 9-17, 
33-44. 


. Nerro, E. Zur Theorie der linearen Substitutionen. Acta 
Math., xvii. pp. 265-280. 


. Cato, B. Dimostrazione algebrica del teorema di Weier- 
strass sulle forme bilineare. Annali di Mat., (2) xxiii. 
pp. 159-179. 


1895. 


1895. 


1896. 


1896. 


1897. 


1898. 


1899. 


1899. 
1900. 


1900. 


1900. 
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Taper, H. Note on the automorphic linear transformation 
of a bilinear form. American Acad. Proceed., xxxi. pp. 
181-193. 


LanpsBerG, G. Ueber Fundamentalsysteme und bilineare 
Formen. Crelle’s Journ., cxvi. pp. 331-349. 


Taper, H. On the group of real linear transformations 
whose invariant is an alternate bilinear form. American 
Acad. Proceed., xxxi. pp. 336-337. 


Taser, H. Notes on the theory of bilinear forms. Bull. 
American Math. Soc., (2) iii. pp. 156-164. 


Murr, T. A reinvestigation of the problem of the automorphic 
linear transformation of a bipartite quadric. American 
Journ. of Math., xx. pp. 215-228. 


Lorwy, A. Ueber die Characteristik einer reellen quadra- 
tischen Form von nicht verschwindender Determinante. 
Math. Annalen, li. pp. 588-592. 


BurnstpE, W. On the reduction of a linear substitution to 
its canonical form. Proceed. London Math. Soc., xxx. 
pp. 180-194. 


Baker, H. F. Note to the foregoing paper, pp. 195-198. 


Bromwicu, T. J. Ia. Canonical reduction of linear sub- 
stitutions and bilinear forms, with a dynamical application. 
Proceed. London Math. Soc., xxxii. pp. 79-118. 


Bromwicu, T. J. Pa. Note on Weierstrass’ reduction of a 
family of bilinear forms. Proceed. London Math. Soc., 
xxx. pp. 158-163. ( 

Bromwicu, T. J. ’a. On a canonical reduction of bilinear 
forms, with special consideration of congruent reductions. 
Proceed. London Math. Soc., xxxii. pp. 821-352. 


CHAPTER XXII. 
THE LESS COMMON SPECIAL FORMS, FROM 1880 TO 1899. 


THE number of writings dealing with those special determinant 
forms that are not included in the preceding chapters is strikingly 
great, being approximately double the corresponding number for 
the preceding twenty-year period, even when allowance is made for 
the fact that the special forms of Chapters XX. and XXI. of Vol. III. 
are not so segregated in the present volume. 


BRUNO, F. FAA DI (1880). 


[Notes on modern algebra. American Journ. of Math., iii. pp. 
154-165. ] 

[Trois notes sur la théorie des formes. 3. Théoréme général sur les 
déterminants fonctionnels. Math. Annalen, xviii. pp. (280- 
288) 286-288. ] 

The second note of the first paper, which is reproduced as the 
third note of the second paper, concerns a theorem which we may 
formulate thus: Jf | a,,| and the operator w be such that 

ay, = w(a,,-,) and w(a,) = 0, 

then w|ay,| = 0. It has to be noted, however, that in the proof 

which he indicates Bruno makes a further assumption regarding w, 

namely, that the application of it to a determinant produces a sum 

of n determinants exactly like differentiation in Jacobi’s theorem, 

His first example is 

rye xcytyz+er xty+z 
ya = ye-+et+ty y+te+t 
ade 2e+tr+axz z+t+t+a 
try tx+ay+yt t+a+y 


, or A say, 


a a | 


LESS COMMON SPECIAL FORMS (BRUNO, 1880) 455 


where w Is = Fo ig + sp and where therefore by the theorem 


dy ' Oz 
OA 
Domne: 


Another theorem is then used to deduce from this that A is the 
difference-product of x, y, z, t,—a result readily seen otherwise 
(Hist., ii. pp. 141-142). The second example is Schlafli’s (m-+1)- 
line determinant equal to (pq'—p’q)?""+)). Here, however, evalu- 
ation is not reached without utilizing four different operators, the 
determinant being formable by operating with 


, (e) / C) 
p ap +4q Bq on the first column, 


or ag Oise: pubulast Suc, 
) mn © 

or 155 + q Sp! » fret row, 

or ie ey We a8) 


The procedure, too, is lengthy. Finally, the theorem is used to 
show that a solution a the eee 
So tyS +e = 0 
1s 
(logz)? logr 1 
Deeani(loga)\Aulogaot 
(logz)? logz 1}, 
since the determinant is formable as above by means of the operator 
) 


iC) i) 


MERINO, M. (1881): SCOTT, R. F. (1881). 


[Sobre una propriedad de las determinantes de tercer grado. Crontca 
Cienttfica . . . (Barcelona), iv. pp. 133-137. ] 
[Mathematical notes. Messenger of Math., x. pp. 142-149. ] 


The first paper here deals mainly with certain exercises in Dostor’s 
text-book, the tone being in general captious. 


+ 
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The theorems dealt with in Scott’s third note (pp. 145-146) 
concern determinants whose elements are covariants of two sets of 
binary quantics, the same covariant for each element. At the close 
of the paper there is also given without proof and without reference 
to his note of 1879 on double alternants, the equality 


1.3.5 .n(n—2) 0 
(Yi) Taye) he. ey, ) OS nse eels for n odd 


= 0 for n even, 
where the z’s are the roots of «”—1 = 0 and the y’s are the roots 
of y®-- 1 = 0.* 
CASORATI, F. (1881). 


[Osservazioni sui modi comunemente usati nella trattazione di 
parecchie questioni fondamentali dell’ analisi infinitesimale. 
Atti... Accad. dei Lincei: (3) Transunti, v. pp. 216-217.] 


The result established here is that the necessary and sufficient 
condition for the vanishing of the determinant 


c,"F, (x) Co" F, (zx) 3 Aes ee F(x) 
c,°+1F, (x+1) CPt Ne (atl)! 25 ts scans a eee 
67°21 Fi, (w--nm—1) ott, (a-4+-n—1) ...« 3 G2, Gon) 


is the vanishing identically of one of the functions F, these being 
rational and integral and the c’s all different. The mode of proof 
is gradational, the theorem used in passing from one case to the 
next being Hermite’s condensation-theorem of 1849 (Hist., ii. 
p. 46). 


CATALAN, E. C. (1881). 


[Une application des déterminants. Mélanges math., ii. pp. 356— 
359 ; or Mém. . . . de Liege, (2) xiii. pp. 356-359.] 
The application, which concerns products of sums of squares, 


depends on being able to find a determinant whose square has 
zeros in all its non-diagonal places. 


* This result regarding a permanent is the first for the period under review, and 
for convenience the others on the same subject are brought together in its neigh- 
bourhood (see pp. 457-460). 
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GRAM, J. P. (1881). 


[Ueber die Entwickelung reeller Functionen in Reihen, mittelst der 
Methode der kleinsten Quadrate. Crelle’s Journ., xciv. 
pp. 41-73.] 


Note is merely taken of this paper * as containing the fore- 
shadowings of the special determinant known much later as the 
Graman. 


LEVY, L. (1881). 


[Sur la possibilité de Véquilibre électrique. Comptes Rendus . . 
Acad. des Scr. (Paris), xcui. pp. 706-708. ] 


The examination of the problem in question leads to a special set 
of linear equations, the consideration of which brings the author to 
announce that If the non-diagonal elements of a determinant be all 
positive, and each diagonal element be negative and exceed in absolute 
value the sum of the absolute values of the other elements of the row to 
which it belongs, the determinant cannot be equal to 0. The mode of 
proof is gradational. 


MUIR, T. (1882). 


[On a class of permanent symmetric functions. Proceed. R. Soc. 
Edinburgh, xi. pp. 409-418.] 

The symmetric functions in question are those whose terms are 
formed from a square array of elements in the same way as the 
terms of a determinant, save that they are all taken with a positive 
sign. The name ‘ permanent ’ is adopted for them, and the notation 

+ + 

a, A, as 2 + 

b, 6, 65}, shortened into | a,b,c; | . 
Cy 62.8 Ce 


+ + 
As an initial fact it is pointed out that | a,b,c, | 1s equal to 


(4401 +Agty +4323) (by% +O a2 bgt) (C21 +Cot2 +Cy2) 


* What may be called a first edition of it appeared in 1879 with the title : 
Om Raekkeadviklinger, bestemte ved Hjaelp af de mindste kvadraters Methode. 
Dissert. 122 pp. Kjgbenhavn. 
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if (2%; = 1 and 7,, 22, 23 be symbols subject to the laws of ordinary 
algebra, except that 7,2 = 7,2 = 7,2 = 0; also, that it is almost the 


same thing to say that leesianesl is the coefficient of xyz in the 
expansion of 

(a2 +agy +452) (b,4 +b.y +552) (e@ +6sy +¢52). 
Properties resembling properties of determinants are then referred 
to, and exemplified by cases of the analogue of Laplace’s expansion- 
theorem ; for example, 


+ + + + + + 
| aybocgdy | = 4 | bycgdg| + ag | byc3dy| +. ..- 


TT ee coe eee 

= | a,b, || ¢sdg| + | ab3|-| Goda] + ..-- 
Next are established three theorems of a different type. The first 
is that The product of two determinants of the n“ order is expressible 
as an aggregate of n! permanents of the same order; the second is 
a rediscovery of Horner’s theorem of 1865; and the third is that 
The product of a permanent and a determinant both of the n order 
as expressible as an aggregate of n! determinants of the same order, 
for example, 


e 
G a3| |% yz QL Agly Ags QL, Ag®y AgX3 
by by Chl he She by, bey days | — | biz Oe2_ D525 
Coakts Fu le ® Zo C2, Cx@_ Cots CY, CoYo Cag 
GY UWY2 A3Y3 QY1 AgYo AsYs 

— |b, Dey bgty | + | B21 dgeq Day 

Ci,  Csep eNOaes C4011) Cag H Came 

G12, Acre Asgtz G2, Agra Ages 

+ | bya, bey dary | — bir bey2  bsys 

CYY1 C2Y2 Ca¥ CT, Cohn C3 X%g 


This last is viewed as the most important, and is illustrated by 
applications in the theory of alternants. Cayley’s simple instance 
of 1857 being recalled, it is shown that If any determinant of the 
third order with non-zero elements vanishes identically, the product of 
the permanent and determinant whose elements are the reciprocals of 
the elements of the said determinant is equal to the determinant whose 
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elements are the squares of those reciprocals. Finally, as a curious 
example for evaluation there is given 

+ + 
1.1.27, 


2 Cos On+1 cos On-+1 


2n-+1 |; 


which is known otherwise to be equal to —1 for odd values of n. 


MUIR, T. (1897). 
[A relation between permanents and determinants. Proceed. R. Soc. 
Edinburgh, xxii. pp. 134-136. ] 


The relation in question is, in the case of the fourth order, 
4 + + 
| dybocad, | a >i | bec3d4| + Sy | ab, | | esd, | 


+ + + + 
=e > | aybocs |-dy + |a,boe,d,| = 0, 


where the > is taken to mean ‘sum of all products of coaxial minors 
like’ ; for example, 


+ + 
> |b. | | eat | 

denotes the sum of six products, the first factors of which are 

+ + + + $F + HF + + + + + 

|@yb2|, |@i¢s|, |aydy|, [becs|, [oda], | cada], 
and the second factors 

[Cad pilsme OnQalle eunee set 

The verification in any particular case is effected on noting that the 
vanishing of the coefficients of a, dg, a3, ... is entailed by the 
previous case. 


FERBER, F. (1899). 
[Sur un symbole analogue aux déterminants. Bulletin... Soc. 
math. de France, xxvii. pp. 285-288. ] 
What is here brought forward as a fresh object of study with a 


fresh name and a fresh notation is the class of permanents that 
have arrays like those of alternants. The fundamental result of 
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course is that such a permanent, if its rows be all different and its 
columns all different, represents a simple symmetric function, but 
that if it have h columns * identical it represents a multiple of a 
symmetric function by h! Its suitability for the representation of 
(a+b+c-+...)™ and of the aleph functions is pointed out; also a 
further application when the elements composing a term are 
restricted to be written in the order of the rows to which they 
belong. 


VOIGT, W. (1882). 


[Allgemeine Formeln fiir die Bestimmung der Elasticitatscon- 
stanten... Wiedemann’s Annalen d. Phys. u. Chem., (2) 
Xvl. pp. 273-321, 398-416.] 


Here in dealing with a question in physics the author is faced 
(p. 314) with a determinant whose array is composed of n® arrays 
of the type t 

a b 


—b a, 


and whose value is ascertained to be the sum of two squares; for 
example, when n is 2, 


Ge ly @ th 
—b a—d spade cela Pan aise 
ey es eg fh @ higaaif 25s 
Geer ae t 


* The author might have noted that when h rows are alike h! is still a factor, 
but the function is no longer necessarily symmetric. A hint at such a case as 


a = 
a aur 
aa a*| = 2 (a*b? +2a3b) 
b b bP 


might also have been given. 


a 


‘3 ‘ b 
+ In the original the typical array is ; Another helpful change is to 
—a 


denote a minor of the array 
aoe¢ed 
Oe die tip Ip 
by the numbers of its columns, so that the result takes the form 


(13 — 24)? + (14 +23)2. 
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MUIR, T. (1882): GENESE, R. W. (1882). 
[Questions 7217, 7218. Hduc. Times, xxxv. p. 313; or Math. from 


Educ. Times, xxxix. pp. 106-107.] 
The first result here is 


Ny ane Cts Tip 
4 2 2 
| e Y Y YiY2 Y2 
ae CAE eae 
oe AD 2 TEAS 
ZY 2Yi%1 Yr%2TYo2%1 AY o% 
| 2 22 2la-eok, | 22575 
© 
Ne oe 20 Y1  LyYotLey, 2X aYo | 


The determinant in the second is more general in that it has for its 
fifth column I, m, n, 2p, 2q, 2r, the cofactors of which are evaluated 
and found each of them to contain the factor | xy, |. 


SCOTT, R. F. (1882). 
Messenger of Math., xu. pp. 105-118.] 


The determinant considered in the first two paragraphs here is 


[Notes on determinants. 


Ly ay +Be a,+6 
a,+B, XL a,+B; 
“ap 


as +B, a3 + Bo 


* [n> 


which, by raising it to the (n+2)” order, is shown to be equal to 


es 1 Il 1 1 
i —Bi —By —B; 
1 —a, %,—a,—f, ; 
10> L_—Ay— By ; 
| 1 —ag Basha 


The fact is then used that this is equal to the quotient of the first 
two-line minor of its adjugate by its own last n-line minor, the final 
result reached being 


ee a,+ Br, 


—ay,—Pnr 


=> (a, —ax) (Bn —Bx) 
(,—a,—Bn) (tx —ax—Bx) 


} BIT ere cp Ga 
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After a natural digression to n-dimensional determinants, the writer 
takes up (§ 6) the consideration of one or two geometrical matters, 
and is thereby led on to the evaluation of another determinant, 
namely, 


(a,—,)* (a,+ >)? hat (a,+8,)? 1 
(dg--91)% (GaSe) am. (22+ Ba)" ] 
ea ere a) ee ie 8, eed 
] | 
n-3(—1)- \ha , 
— 32-9 AS a oe Gres sei .. On! BiSae eee 
where, as before, h is to receive the values 1, 2,..., n, and k is 


greater than the companion / but not greater than n. 

It is important to note that when in the former of these two 
determinants we make either all the a’s or all the @’s vanish, the 
degenerate form obtained is Sardi’s of 1868. 


CAPELLI, A. (1882, 1886). 


erm di una teoria generale delle forme algebriche. Mem. 
. Accad. dei Lincei, (3) xii. pp. 529-598.) 
[Ueber die ‘Zuriekdtihrung der Cayley’schen Operation Q auf 


gewohnliche Polaroperationen. Math. Annalen, xxix. pp. 331- 
338. ] 


The first of these papers foreshadows and the second fully estab- 
lishes an interesting general theorem regarding the determinantal 


operators of Cayley’s original memoir of 1845 on hyperdeterminants. 
If the n? variables be 


Dy ght ie 
Y% Y2 Yn 
Wy i Wan eri oht0g 


and we denote the ‘elementary polar operator ’ 


) (e) ) 
Np, Tap, b+ + + 5 by Dyas 
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then the theorem is to the effect that the application of Cayley’s 


operator 
2 2 3 
| dz, ay, wes voy uw, 


to a function and the multiplication of the result by | 2,23... « Wp 
is equivalent to the application of the single operator 

Die Ds Dy 

Dye 1+Dy, Dy, 

| D 2a D zy 2 7 22 
on the understanding that the elements composing each term of 
the expansion of the last determinant are to be taken in the order 
of the columns to which they belong. 

It is also shown that an alternative form of single operator may 

be derived from this by making the 1* column reversed the n™ 
row, the 2"? column reversed the (n—1)™ row, and so on.* 


"1 


MUIR, T. (1883). 
[On a peculiar development of a special determinant of the sixth’ 
order. Messenger of Math., xiii. pp. 95-100.] 
The determinant in question is 

Og a> we. ea AGy, “Ade Ad. 
Ofam0, 20ste 0). 0,0 Bb, 
Coen Cs Cnt Cems I Cs 
dado 0g) Wd, Ddow Da, 
Cre es peeaeiues. Me, «Hie, 
fi fo fo Fh We Ms 
It is first expanded in the form 

| a,b2¢z| | dye2f3| (DEF—ABC) — | aybods| | cy¢2,/'3| (CHEF —ABD) 
SO create ta (CUBA Di) ee ae as. a 


or, say, 


,(DEF—ABC) — +,(CEF—ABD) +... +.(BCD—AEF), 


*The student of the algebra of quantics may be referred to a third paper of 
Capelli’s in Math, Annalen, xxxvii. (1890) pp. 1-37. 
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and then advantage is taken of the existence of lineer relations like 


wT, +75 —te +7, = 0 


to eliminate five of the z’s,—a procedure which can be followed in 
a variety of ways,— giving results of the type 


| abs¢3 | | dees | (F —C)(E—B)(D—A) 
— | abee3 | | edefs| (F —A)(E—D) (C—B) 
+ | @,¢ef3 | | O,d2¢5 | (F —D) (E—A) (C—B) 
— | @yde¢a | | by¢2fs | (F —D) (E—B)(C—A) 
—| @d2fs| | b:¢2¢3 | (F —C)(E—D) (B—A). 
In exactly similar fashion it is shown that 
@, Gz 3 Aa, Aa,| = —| a,bye5| | ed, | (E—D)(C—B) 
Op lsaeO ie 0, ee Doss + | a,d,€,| | b,c, | (E—B)(D—C) 
C, Cg C3 Co, Coy | + | byeds| | ay¢2 | (E—D) (B—A) 
dy Ga. te Md eed. | — | bydyeg| | aye, | (E—A)(D—C) 
€& €, es; He, Ke, | + | eyes | | 4,b,|(E—A)(D—B), 


pnd attention is drawn to the first germ of an identity of the kind 
(Hist., 11. pp. 451-456). 


ANDREIEF, C. (1883). 


[Note sur une relation entre les intégrales définies des produits des 
fonctions. Mém. de la Soc. des Sci.... Bordeaux, (3) ii. 
pp. 1-14.] 


Interest in this for us lies in the fact that its main result concerns 
the determinant whose (7, s)'" element is 


[ fol0) pelo) de, 


namely, 


Jfigrde ta [fonder 


2 AN a { VACV RAG 


the limits being the same for every integral involved. 


‘| ule) ++ bale) |bdey dey, 
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MUIR, T. (1883). 

[Question 7525. Educ. Times, xxxvi. p. 318; or Math. from Educ. 
Times, xli. p. 27.] 

The theorem here established is that the number of positive terms 


an the ordinary development of a determinant having negative elements 
an the diagonal and positive elements elsewhere is 


3.n! — (—2)"-?*(n—2). 
In the proof use is made of the fact that 
OC lean yp ey 2) 


STUDNICKA, F. J. (1883). 


[Neuer Beweis des Satzes dass das Produkt der Summe von acht 
Quadratzahlen mit der Summe von acht Quadratzahlen sich 
als Summe von acht Quadratzahlen darstellen lasse. Satzwngsb. 
... Ges. d. Wiss. (Prag), 1883, pp. 475-481. ] 

The proof contains nothing of fresh interest as regards deter- 
minants. Genocchi’s supposed generalization * is accepted as 
valid. 


SYLVESTER, J. J. (1884). 
[Question 7567. Educ. Times, xxxvil. pp. 27, 111; or Math. from 
Educ. Times, xli. p. 53.) 
The determinant which appears here in connection with a geo- 
metrical subject is 
at+bte l+my?+ny «t+yy+2y? 
(atyy*+ey atby-+ey? l+m-+n 
\ltmy+ny? «+y+z a+by?+cy |, 
where y is a primitive 3" root of 1. The expansion given of it 1s 
@O+8+8+1B +m? +n3 +23 +43 +28 
— 3abe — 3lmn — 3ayz — 3ala — 3bmy — 3cxz 
—- 3a(mz+ny) — 3b(nx-+lz) — 3ce(ly+mz). 


* Annali di Mat., (1) iii. (1860) pp. 202-205. 
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SYLVESTER, J. J. (1884): CAYLEY, A. (1885). 


[Sur l’équation en matrices pr = xq. Comptes Rendus ... Acad. 
des Sci., xcix. pp. 67-71; or Coll. Math. Papers, iv. pp. 
176-180. | 


[On the matrical equation qQ—Qq’ = 0. Messenger of Math., (2) 
xiv. pp. 176-178 ; or Coll. Math. Papers, xu. pp. 311-313. ] 


Of the numerous notes * written on Cayleyan matrices by Sylvester 
in 1884 this is the only one containing a result that is viewable as 
having a purely determinantal side. The question directly involved 
is the existence of a matrix « so related to two given matrices 
M1, My that T 


My = PMs. 
The matrices 
by by d, dy Bi Be 


being taken for m,, mg , u, and the indicated multiplications being 

performed, it is at once found that the required condition is 

a,—C, b, —Cy ean 
Ay b,—¢, : —Cy 

For us, however, the important point at present is that Sylvester 


next evaluates the four-line determinant, and shows that it is 
identical with the resultant of the equations 


a — (a,+b,)% + |a,b,| = 0, au — (c,+d,)x +|ed,| = 0. 


There is thus obtained for us a new form for the resultant of the 
two Lagrangian determinantal equations 


| 
| 
| 
| 
| 


Gy—% Ms q—t Cy 


| 
pes 0: 


= 8) 
d, d,—a | 


> 


b, b,—x 


The same result occurs in the same way in Cayley’s paper. 


* Comptes Rendus... Acad. des Sci. (Paris), xcix. pp. 13-15, 67-71, 115-116, 
117-118, 409-412, 432-436, 473-476, 502-505, 527-529, 555-558, 621-631. 
} See Hist., iii. p. 47. 
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CESARO, E. (1885). 
[Quistione 46. Giornale di Mat., xxiii. pp. 19, 374-376.] 


The determinant here spoken of is not explicitly given ; it appears 


in the form 
hie Mente ey. Gaels egal 


UR tos AR TAS PTS, wl 


Uny Ung «+6 Un, u=1 1 


with the annexed statement that the square of the difference of any 
two rows is 2. It is shown, however, that as a consequence of this 
datum the multiplication of the alternative form 


j Uy —Uay Uya—Uag ne Una Yana | 
| Un—1,1— Un Un-1,2 —Ung 6 ee © Un, n-1 Un, n-1 


by itself gives 


bie ei_Sqnar yo | 
Pe eS LBL eat A | 
| tt Sey 

Sa | 


q In—19 


which is equal to n.° 


MERAY, CH. (1885). 

[Décomposition des polynémes entiers a plusieurs variables en 
éléments linéaires. Annales sci. de Ec. norm. sup., (3) ii. 
pp. 289-302. ] 

The problem formulated in the title here is viewable as a purely 
determinantal problem, the particular case to which the author 
devotes almost the whole of his space being the finding of an expres- 
sion for 

2 yy? 2° Yt tit ays | 
Uy? Yo?” By” Yon Aan Valen or Ay.» 8ay, 


> 


6 2 2 c A 
Xe” Yo &§ Yoru ete Xoo 


468 HISTORY OF THE THEORY OF DETERMINANTS 


in terms of the three-line minors of 


PE I hen HN } 
Yi Yo +--+ Ye 
Lay Sg me Wee ee 


Putting pqr for the minor whose columns are the p, q"", r™ columns 
of the array, he obtains for the expression an aggregate of 30 terms, 
of which the first two pairs are 


1 (— 145. 136. 246 . 235 + 236-245. 135. ee 
{+ 236 . 245. 134. 156 — 145. 136. 256. 234 | 


The proof given of so interesting a result ought to be replaceable by 
something much simpler and more readily convincing. This is the 
more desirable, as a general theorem is foreshadowed in which the 
number of variables in every row of the given determinant, A,..,. 
say, is p and the degree of each element is r. The order of the 
determinant is then (p+r—1),, and the number of p-line deter- 
minants in each term of the development is (p+r—l),. 

We note for ourselves that a partial simplification may be made 
in the expression * of the development of A,.., the equality being 


+ + + + 
4A,.. = 123(145 245 345|—124/1385 235 435 
146 246 346 136 236 436 
156 256 356 156 256 456 

+ + + + 
+125|134 234 534|—126|134 234 634 
136 236 536 135 235 635 
146 246 546 145 245 645 


+ 184 . 156 (235 . 246 +236 . 245) 
+ 135 . 146 (—234 . 256 4-236 . 245) 
— 1386 . 145 (234 . 256 +235 . 246). 


* In Méray’s expression, where 0, 1, 2, 3, 4, 5 take the place of our 1, 2, 3, 4, 5, 6, 
—045 of line 3 should be — 054, 
241587 aL A 243. 


In the absence of a readily applicable rule of formation such misprints are trouble- 
some. 


LESS COMMON SPECIAL FORMS (MERAY, 1885) 469 


It is also worth observing that if all the determinants on the right 
be expanded in the ordinary way, and the indicated multiplications 
be performed, the number of terms at first obtained is 6430, so 
that for the 720 terms of A;,, we are faced at first with 4.64.30, 
that is 9000 more than 720. 


RUSSELL, W. H. L. (1885). 
[On the reduction of algebraical determinants. Report... British 
Assoc. for the Adv. of Scr., lv. pp. 910-911. ] 


The determinants referred to have elements that are all rational 
and integral functions of x, and an unimportant method is indicated 
of obtaining for such a determinant an equivalent sum of deter- 
minants of lower order. 


SYLVESTER, J. J. (1885): MUIR, T. (1885). 
[Questions 8275, 8321. Hduc. Times, xxxvi. pp. 349, 379; or 
Math. from Educ. Times, xlv. pp. 85-86.] 
The result here established is 
A--aa+a’a’ ab-+-a'b’ acta’c’ 
Ba+B'a 4+6b4+6'F Bc+P'e' 
yaty'a yo+y'b  At+yety'e .... 
= \"-2{\2+)(A+B)+AB—CD}, 
where 
POON Cpe 00D oC Meals De (G 9, Yuna 0 50.59 > 0) 
CMO nONCn AO Our fav) ee (Be Vs es OO 5 Og Cy a 5.)s 
It is mainly dependent on the fact that the determinant with 
omitted is the product of 


OMe o OTRO. ; OY ate 0m): 
fo? CeO ands i060. 90. .0 
y Vie ORK: bE owek s ge € OW 0 


and thus bears on the subject of the latent roots of the product of 
two n-by-2 arrays. 
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CAPELLI, A. (1886). 
[Sopra un teorema che si collega... Rendic. del Circolo Mat. 
(Palermo), 1. pp. 133-138.] 
The theorem in question belongs strictly to the Theory of Quantics, 


being that 7f f,, f,, fs, F be integral functions of the elements of the last 
three rows of | X,Yo23t,|, a relation of the form 


(dxz)h+(DZ)i+(>x3)h =i XyVo%aty |= le 


cannot exist without F being 0. In the proof of it, however, interest- 
ing use is made of the operator 


OX, OYs O23 Oly 
and it thus deserves passing notice. 


| LyYo2tq | - 


2 


TORELLI, G. (1886, 1891). 


[Alcune relazioni fra le forme invariantive di un sistema di binarie. 
Rendic. .. . Accad. .. . (Napoli), xx. pp. 125-134.] 
[Appunti sulla teoria delle forme binarie. Annali... Ist. Teen. 
e Naut. (Napoli), anno 1891, 10 pp.] 


The determinant used in the first of these papers differs from 
that of Rosanes of 1872 (Hist., iii. pp. 481-484) merely in that the 
binary quantics involved are not necessarily all of the same degree ; 
and in the second paper there is not even this difference, the degree 
of each quantic being the same as the order of the determinant. 
The results reached involve the multiplication of two such de- 
terminants, but their main concern is with the operation of 
transvection in the Algebra of Quantics. 


SCHRADER, W. (1887). 
[Beitrage zur Theorie der Determinanten. vi+156 pp. Halle a. S.] 


Schrader devotes a section (pp. 116-123) to n-line determinants 
whose (7, s)" element is f(x+r—1, y-++s—l) and f is an integral 
function of the m'* degree. The process of transformation which 
he employs is the repeated diminution of a row by the row pre- 
ceding it, and thereafter the like repeated diminution in the case 
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of the columns. Save in one negligible instance, n is taken greater 
than m. The function being 
@pX™ + ayx™ ty +... +any™, 

the (m-+-1)-line determinant is found to be 

er (inl)? 298, 2 4 Ans 
and most of the other examples given are specializations of this. 
It is noted, too, that determinants of higher order vanish, and that 
of the function be increased by another of lower degree the value of the 
determinant is unaltered. 

The next section (pp. 123-127) deals first with the case where the 
foregoing binary quantic is increased by a*t’, next with some special 
difference-products, and finally with determinants whose analogous 
basic function is 

a(a+d)(a+2d)...(a+a+y—1.d). 
We need only note that 


hee Og == a {(x Ly a ve 


then |ajn| = 4i*°-).(n—1)!, 
and when 4a,, = (r+s—l)!, 
then |a,,| = n!l(n—1)!!. 


Of the next section (pp. 127-136) rather more than half consists 
of rediscoveries regarding determinants whose elements are com- 
binatorial numbers, that is to say, integers of the type 

k(k—1) ... (kK—A+1)fA!. 
The remainder is occupied with a form whose elements are reciprocals 
of integers, the results, when a correction is made, being that 
1 


hen a, = auCae eey 
{mi}. 
jen | ean = CackB) «(apn —2- B+. (tal By (ats) 
and 
1 
ag 8, (a+r+s—2-8)( (a+r+s—1.)...(at+r+st+m—3. B) 
1en | Qin | 


ies aie ee ..(m+n— 2)2, (n— 1 a 1) 
a(a+)*. (atn—2 253 )eee AL. (at+m+n— mtn—l. Byist.s (at+m+2n—3. 6) 
where M = {(a+n—1-8)(a+n@) ... (atn-+m—2. ee 
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On putting m =1 the second degenerates into the first, which is 
itself a generalization of Ligowski’s of 1861. Since in each the 
(r, s)*" element is a function of r+s, the determinants are persym- 
metric; for example, when a = 1, 8 = 1, m =2, n = 4, we have 
1 1 1 1 
1.2 2.3 3.4 4.5 


ee WG ee Oe ORK: 12.99. 3° Ae he 1 


1 1 9-1 #14 J1-.29-38@.5)*.68.72,8: "99.33 onee 


£5 ey Ce Oe ae TG 


The seemingly complicated denominator is very easily obtainable 
from the secondary diagonal of the determinant and the parallel 
minor diagonals. 


DRUDH, P. (1887): BALTZER, R. (1887). 


[Kin Satz aus der Determinantentheorie. Nachrichten... Ges. d. 
Wiss. (Gottingen), pp. 118-122.] 
[Ueber einen Satz aus der Determinantentheorie. Nachrichten .. . 
Ges. d. Wiss. (Géttingen), pp. 389-391.] 

These deal with Voigt’s determinant of 1882 in regard to its 
expressibility as a sum of two squares. The second of the two 
proofs is the preferable, as being purely determinantal. In essence 
it depends on performing the operations 

TOW, + TOW =], TOW; -+ rows =. row, + rOWex/ =k <a 
followed by 

col; +col/—I, cols + col,/—1, col, ~--colw/—1, ae 
for these produce a determinant which breaks up into two deter- 
minants, one of the form M + NJ/—1 and the other of the form 
M—N/-—1. For example, when n is 3 and the 1, 3", 5 rows 
of the given determinant are 
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the resolution arrived at is 
Uy+Ayt AytAs3t Ag+a5t 
b,+by by+b yt b¢+b;2 
Cotcyt CytCgt Cetcgt 
and the final result 
(246 —235 —145—136)? + (245+236+146 +135)? 
where the notation is that of p. 468 above. 


b,—byt b,—b30 bg —b50 


1) —Cyt C4 — gt Ce —C;1 ) 


GEGENBAUR, L. (1887). 
[Note tiber Determinanten. Sitzwngsb.... Akad. d. Wiss. (Wien), 
xevi. (2, A) pp. 5-7.] 
[Ueber eine specielle Determinante. Sttzwngsb.... Akad. d. Wiss. 
(Wien), xcvi. (2, A) pp. 489-490. ] 

The peculiar determinant here brought forward is best described 
in connection with that which suggested it, Voigt’s of 1882. The 
latter we spoke of as being composed of two-line cells of the type 

a b 
—b a. 


Gegenbaur’s is similarly composed, the cells being of the type 
a b 
—b a—b; 


for example, 
a b C d 


—b a—b —d c-—d 
é yp iN 
Se Sh h g—h\. 
It is manifestly a function of determinants of the array composed 
of the odd-numbered rows, and his assertion is that this function 
takes the form 


P? + 3Q*, 
where P and Q are aggregates of such determinants. 
In the second paper he passes on to a similar but more com- 
plicated type, still avoiding demonstration. 
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RAIMONDI, R. (1888). 
[Un teorema sui determinanti di differenze. Giornale di Mat., xxvi. 
pp. 185-187. ] 


The theorem in question is that if a,, aj, a3, ... be a series of 
quantities whose n” differences are constant, equal to c say, then 
the determinant of n+1 consecutive columns of the array 


ay ae ag 
O11 09,1 03,1 
63,9 do,9 03,2 


as equal to 
( as & 1) $n (n+1)en+1, 


For example, the array being 
T S29 107 20-0 es 
5D okie Lee eee 


2 12.0 BaD ay eee ; 
we have 
Qa dhe eOo | 9 2 


Su flGs 25 
Il 


~I 
Se | 


I 
bo I 
: bo 

to 

| 


KLEYBER, J. A. (1888). 


[Theory of the adjustment of series of observations. (In Russian.) 
Phys.-math. Soc. Kasan, vi. pp. 148-239.] 


In connection with the use made of determinants in this long 
paper an appendix is added (pp. 234-239) dealing elementarily with 
axisymmetric and persymmetric determinants and with even- 
ordered determinants that have a zero in every (7, s)"" place where 


r-+s is odd, and that consequently are expressible as the product 
of two determinants.* 


* Muir’s text-book (1882), § 81. The cage where the factors of the product are | 
both continuants should also be recalled (see above p. 402). 
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RUSSELL, A. (1888). 


[Question 9556. Educ. Times, xli. p. 213; or Math. from Educ. 
Times, 1. pp. 109-110.] 
The determinant here brought forward, namely, 


I il il 1 1 
a b c d e 
ctd dte eta a+b b+e 
1 1 1 1 1 |, or Reay, 
cd de ea ab be 
a b C d e 


bt+e—a cta—b d+tb—c e+e—d a+d—e 
appears as the eliminant of five equations in 
_ e-d, d—e, e—a, a—b, b-, 

and thus as a quasi equivalent to the first member of the last of the 
five, the four others being manifest identities. 

It would have given additional interest to show that if the said 
first member be denoted by 8, then 
Pee ab (c? —a*) +-be (d? —b*) +-ed (e? —c?) + de (a? —d?) + ea (6? —e?) | g. 
7 abcde i 
in other words, that the value of R is 


0 0 
1 a(c—d 
aN P GS > en ; > ab (c?—e?). 
Or ae (1888). 
[Cambridge Univ. Exam. Papers, xvii. p. 553.) 

Like the circulant and others the determinant here appearing is 
one whose every row is a permutation of the same n quantities, the 
particular law of permutation requiring that one of the quantities 
be confined to the diagonal, and that in completing each row the 


others be taken in a fixed order. It is resolvable into n rational 
factors ; for example, 


ZG, Uy Gs 
Gy, @ Gy Gy 
ay ay a a; 
Gy, Ge Ay & 
(see Hist., il. p. 480). 


= (%—A,) (%—Az) (%—As) (4+, +Ag-+s) 
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CAPELLI, A. (1889). 


[Sopra certi sviluppi di determinanti. 


Rendie. . 
(Napoli), (2) m1. pp. 58-63. ] 
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1. ACCad = Scr 


The main result here is a development of the determinant 


Ay, +e 
4 
31 


in the form 


Ae 
Ag +xe+1 


Aso 


> + X,1A, ata si ee + X,A,_4 


A13 


Aes 


agg +a +2 


+A 


7 OD: Lea Ne 


ba | (| 


n> 


where the X’s are functions of « and the A’s are functions of the 
coaxial minors of | @,,| ; namely, 


X, = x(x+1) (x42)... . (w+n—2) (a+n—l), 
X,-, = e(@+1)(e+2) .... (v+n—2), 
and 

A, — Ay -f- Qo9 “+ As3 ao ol One" fe 

A, =| Gp a Gry yg str rama 
My, Ag2+1 Az, 33+] 

A; = | Ay, Aye 13 ao yy A192 4 + . 
Az, Ag+] Ao3 My, Ago +1 (4 
Q3, Azz gg +2 M4) 


Qo Qy4 +2 


The proof is dependent on the assumption from another paper that 
such a development with the A’s as specified but the X’s of unknown 
form is actually possible, all then remaining to be done being to 
determine the X’s by extreme specialization of the a’s. On this 
account the following transformation in the case of the 4‘ order 
will be found more instructive : 

Kither of two analogous developments may be taken as the 
starting point, namely, that according to powers of x, or that 
according to products of 


ge, «+1, 


x+2, 


zr+3. 
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Choosing the latter we have 


Dy = x(@+1) (x+2) (+3) 


+ &(a%-+1) (x+2)-d, + x(@+1)(%+3)-c3 + . 
+ «2(x+1).| esd,| + 2(v+2)-| body | +... . + (+2) (x+8).| a,b, | 
+ @-| beesdg| + (w+-1)-| ayegdy | + (w+-2)-| body | + (©+3)-| @yb06s | 
+ | abocsd, |, 
and calling the expressions of these lines on the right T,, T., Ts, 
T,, T;, we see or can readily show that 


X, 
X 3A, + #(v@+1)-(c3+2b.+3a,) + «(2b,+6a,) + 6a,, 
u(@t+1)-(|cgdy| +... + | aibe|) + (| bod4|+2| docg|+...) + (2] ady]+... 
oy 
«(| becgta+...) > (| ayCay|+...), 
+ | aybecad, | ; 


therefore, by addition, 


X4t+XsAy + X,Ay + X As + Ay 


as desired. 
The rest of the paper is occupied with unimportant deductions. 


KILLING, W. (1889). 


[De determinante quodam disquisitiones mathematicae. Sch. Prog. 
16 pp. Braunsberg.] 


The n-line determinant in question we may define for ourselves 
as having all its elements linear homogeneous functions of one and 
the same set of n variables, subject to the condition that in each 
column the coefficients of the variables form a zero-axial skew 
array ; for example, » being 3 and the variables 2, y, z, the deter- 
minant is 

ay +-bz dy +z gy the 
—ar +z dx +fz gu -+-kz 
—ba—cy —ex—fy —hx—ky 


Its value is 0, as the operation 

x TOW, + YLOW, + ZTOW3 
shows, and the author devotes himself to the consideration of its 
minors. Most interest attaches to those of the (n—1)™ order, in 
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regard to which the result in effect is: The r row of the adjugate 
contains the x variable as a factor, the cofactor throughout any column 
being constant. 

PALMSTR#M, A. (1890). 


[Determinantteoriens anvendelse pa laeren om complexe st¢grrelsers 
multiplikation. Archiv for Math. og Naturvid., xii. pp. 128- 


132.] 
Manifestly 
; 4 ES a b, 2 b, —f, | 
(a,+72b,) (ag+ib,) = i és | oer oad 
and consequently 
(a,+2b,) (ag+7b,) (ag +ib,) = a Bee’ by| | b b, —a, } 
ans as ; ; by ay x by = Ag 
, ay b, b, —a, 
+4 |? be ty + as hs a } 
* a, Ob, +i| b, —a . 
by dz bs b, = Gare 
—y by -ty —-, bane 


where the two determinants differ from one another only in the 
first row, and are got from the two determinants of the previous 
case by affixing as a border the elements 

bs Qs by —QAy, 
to each. Similarly 


(a +2) (5 +19) (a3 +05) (a +04) 


= On Ds . |e b, —a, 
bs A> bs —Az b, a > bs —ag3 
bg M% by |, 


the border now being 
b, a b, —ay 
in reverse order ; the border for the next case 
bs. Ggindy = tae 
in the original order; and so on. Any of the equalities may be 
verified by performing the addition indicated on the right and 
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removing the factor a, + 2b,, then lowering the order and removing 
the factor a, + 2b,, and so on. 
Since 


9s a+isin a)(cosB+isin8).... = cos(atBt+...)+ isin(a+8+.. 


the author also readily deduces from his result determinant equi- 


valents for cos(a+8+...) andsin(a+8+...). 


; TISSOT, A. (1890). 
[Questions 289, 291. Journ. de Math. Spéc., (3) iv. pp. 144, 168.] 
What we have here is a pair of interesting 3-line determinants 
connected with the quaternary quadric, their values being 
D . JA ‘ (UO) xis De : JA. At) ae 
where 
U = ag? + by? + cz? + dw? + 2ceay + 2faz 4 Qgaw + 2hyz + 2yw + Q2w, 
A is the discriminant of U, and D is the cofactor of din A. 


VIVANTI, G. (1890). 


[Alcune formole relative all’ operazione 22. Rendic. del Circolo Mat. 
di Palermo, iv. pp. 261-268. } 


This, unlike Capelli’s comprehensive paper of the same year (see 
above, p. 463), deals solely with the operational determinant— 
which the author prefers to symbolize by OD) amy and not 
with its application to the Algebra of Quantics. First, he estab- 
lishes (pp. 261-265) a theorem for facilitating the performance of 
the operation on a product of functions $263 . - - pr, the proof 
being doubly gradational, from n to n-+-1 and fromrtor+l. Then, 
using as a lemma the extensional of Laplace’s expansion-theorem, 
he submits to the operation the s‘” power of a determinant having 
more than the n2 elements implied in the operator. The outcome 
of this is the interesting theorem 


s 


Of . +. &nn) Hy ge ae Ln+m, n+m | 
(s+n—l)! s-1 
+ (s—1)! | @u es Entm,ntin Trtinti s+ Latm,ntm |- 
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KRONECKER, L. (1890). 


[Reduction der Systeme von n? ganzzahligen Elemente. Crelle’s 
Journ., evil. pp. 135-136.] 

The so-called ‘reduction ’ here effected is the transformation of 
the determinant, without change of value, into one having all its 
non-diagonal elements 0 and each diagonal element a factor of the 
next following, the permissible operations being (1) interchange of 
two parallel lines accompanied by change of sign in one of them, 
(2) increase of a line by any parallel line.* A solution by Frobenius 
in 1878 (Crelle’s Journ., \xxxvi. p. 157) is referred to, but not H. J.S. 
Smith’s of 1861 (see above, pp. 439-440). 


CAYLEY, A. (1891). 
[Note on the involutant of two binary matrices. Messenger of 
Math., (2) xx. pp. 136-137; or Collected Math. Papers, xiii. 
pp. 74-75.] 
All that directly concerns us here is the equality 
1 @a@@ aa-+be'| 1 a a aa'+cb’ 
b Bb’ ab’ +bd' b’ b ba’ +db’ 
| . ¢ © co de coc: = ac +c’ 
il d d@ cb'+dd'! 1 d d_ be'+dd'|, 
which we can best establish for ourselves by noting that the difference 
of the two determinants is 
l1 aa aa’+be’+aa'-+cb’ 
bb’ ab’ +bd' +ba' +db' | 
. ¢ 6 ca'tdec+ac' +c’ : 
-1 dd cb’+dd'+be'+dd’ |, 
and vanishes because the last column is reducible to 


bc’ +-cb’ —ad’ —a'd 


cb! +-be! —a'd—ad’ 
by the operation 
col, — (a4-d) col; — (a’ +d’) col,. 


* This with (1) permits the increase or diminishing of a line by any integral 
multiple of another line. 
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LONGCHAMPS, G. DE (1891). 


[Sur les determinants troués. Journ. de Math. Spéc., (3) v. pp. 9-12, 
29-32, 54-56, 85-87. ] 

The determinants in question are those with one or more zero 
elements, and the problem set is the finding of the number of non- 
zero terms in their final development. The main result obtained is 
Cunningham’s of 1874 (Hist., iii. pp. 466-467) ; but indications are 
also given of the mode of procedure to be followed when, besides 
having a zero diagonal, the determinant has one or more zeros in 
the adjacent minor diagonal. In the latter connection Dickson’s 
_ paper of 1879 (Hist., ii. p. 467) is not referred to: indeed, no 
previous writer is mentioned throughout the entire paper. 


LAISANT, C. A. (1891). 
[Sur les permutations limitées. Comptes rendus ... Acad. des Sci. 
(Paris), cxu. pp. 1047-1049.] 
The result here given is in effect that the number of arrangements 
of n letters a1, as, a3, ..., a when certain of them may be debarred 
from occupying certain places of the arrangement is 


On SiSosee Sa) 
CA, 0A, Od, ... Cay’ 


where s, is the sum of those letters that may occupy the xr place. 
Thus the number of terms in the determinant 


Oy 0 
Bb, be 
Crm Shari: 
dod, d, 
Q & 863 
is 
eo 
Seer {(¢ +d+e)(a+d+e)(a+b+e) (a+b+c) (b+c+d)}. 


The reason of course is that each term of the product, on being 
differentiated, produces 1 or 0 according as it is or is not one of 
the desired arrangements. 
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SEGAR, H. W. (1892). 
[Question 11434. Educ. Times, xlv. p. 82.] 
The proposition submitted is that the n-line determinant whose 


(r,s) element is 


(e) 
ag tt Se(/a)} 
is equal to 


(DE gare). Jy (a/n) “Ii(V2) «+» Inal¥2), 


where J, stands for the Bessel’s function of the 7 order, and 
(n—1)!! for 1!2!...(n—1)! 


ECHOLS, W. H. (1893). 
[On a general formula for the expansion of functions in series. Bull. 
New-York Math. Soc., ii. pp. 135-144.) 
[Note on the theory of functions of a real variable. Annals of Math. 
vill. pp. 65-99. ] 


These are important continuations, each in its own way, of 
the papers referred to under ‘Alternants.’ The most general 
determinant now brought forward for use in the specification of 
expansions is 


fe) fil) wee fu) frag (2) 

| £(%) AY) «--. Inly 1) Joa Ys) 

PAC) fal ¥,) 7 wy). 

OF @)) Of (%) tae Ont (*) On ea( (*1) 

or x one ates sibs Oxf, (a ie O%f.44(c DS 
1 , 


where O’f(x;) stands for the result of Me ccd: an operation O 
r times on f(x) and substituting x; for z, and @ is an expression so 
chosen in relation to the other elements that the determinant 
vanishes.’ An expansion of f(x) thence evidently obtainable is of 
the form 


f(z) = Ayfi(@) + Aofe(a) +... + Ansifn4i(2)- 
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Carefully proved specializations of this are made under three head- 
ings, (1) where O does not occur, q being 0, (2) where O is d/dz, 
(3) where O is the A of Finite Differences. Only the first need be 
given as a specimen, namely, 


HACE SE? a reing AO Bea pane) 
I (71) fale) tt inlts), Sn+a(%) 
SE en 0: 
fe sa ie ) DO grr ao Jasin) 
cs) Cdk See as 1 


where 
fa)... fal | [Ait oe. fale) 
Os Cae IE ae 
F(@n) «+++ Fal@n) 1 | fil@n) - rant 


and u is some unknown quantity lying between the greatest and 


least values of x, 7,,..., %. A simple case of this, 
AG Macks cle cat ae Ce 


Ue ee ae seer Gre MO are 2 


Vide eet kon! gan 


feu) i 


is Lagrange’s interpolation-formula. 


HADAMARD, J. (1893). 


[Sur le module maximum que puisse atteindre un déterminant. 
Comptes Rendus... Acad. des Sci. (Paris), exvi. pp. 1500- 
1501.] 

[Résolution d’une question relative aux déterminants. Bull. des 

Se. Math., (2) xvii. pp. 240-246.} 
The first result here established is that if s,? be the sum of the 

squares of the moduli of the elements of the r row of a determinant 6, 

then 


MOU C= SSB oe BS 
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an evident deduction being that if the moduli of the elements be at 
most 1, the modulus of the determinant is at most n*. Attention is 
then given to determinants whose elements actually have 1 for 
modulus and whose own value attains the maximum specified. 
The important property of such determinants is found to be that 
their elements are inversely proportional to the corresponding elements 
of the adjugate, and consequently Sylvester’s ‘ thoughts on inversely 
orthogonal matrices ’ (1867) are called in as an aid, and are profit- 
ably passed under review. In particular the case where the order 
of the determinant is composite benefits by this, Hadamard’s 
improved solution for the 4 order being 


1 —1 ef —¢ 
tL | cee | 
LS ee |e eee ele 


In the next place is considered the formation of ‘maximum ’ deter- 
‘minants with real elements, namely, 1 or —1. These exist when 
n is a power of 2, and are shown to be non-existent when 7 is not 
a multiple of 4. Setting himself the problem of formation in the 
case of the first two important multiples of 4, namely, 12 and 20, 
Hadamard is successful, the 12-line determinant obtained being 


ee ee aoe Le (Gah bet ol 

ie. ke A i oe 

1) (1 oe 2 eee eee 
— 1 1 l1—- — l=- = = 1 1 
— ll —esla — ceppliaes Le a 
a ee ee ee Ot ir 
Lae OL Dg ee ee ee) 
Ll 0 ee ee ee 
Lem Dimi oleh inl a ee Gl 

1 we] a: seen saree thee one 

1 le ome = bh) ee Die al ie ee 
ee ee ms Myre eg ay, 

where — is used for —1. This is unintentionally corroborated 


later by Scarpis (see below p. 495). 
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PASCH, M. (1893). 
[Verschwindende Determinanten dritten Grades aus ternaren 
linearen Formen. Math. Annalen, xliv. pp. 89-96. ] 
The opening result here is the simple theorem that if all the 
primary minors of the determinant | {,,foofs,| vanish, the fs being 
functions of any variables, then the determinant can be put in the form 


ad, Bor voi ve il 
ap, Bop» Yoo|, ve. aBydidop3|1 1 1 
ads Bos YP DLL, 


where a, B, y, $1, $2, py are integral functions. The real interest of 
the paper, however, is not in connection with determinants. 


MACMAHON, P. A. (1893). 
[A certain class of generating functions in the theory of numbers. 
Philos. Transac. R. Soc. London, elxxxv. pp. 110-160.] 

The results of this memoir, the first of which is most important 
in the Theory of Integers, are also very interesting as properties of 
determinants. The main theorem (pp. 114-119) is: If X, stand for 
ny X1 AyXo+...+ ayX,, and 

sha Se hc 90 a Spa easier 
be expanded in ascending powers and products of the x’s, the aggregate 
of all the terms of the expansion that contain no x without the corre- 
sponding s—in other words, the aggregate that involves only s,x,, 


SoX9, ... and the a’s—is equal to 
] —ayy a $)X, —AaAj9 2 8 ,Xy Sei a0 BG ain ° 8, X, —1 
—apo1 .) SoXo 1 — oo oO SoXo ov lenpe: —aon 2 S_Xo 
An Sy Xp —An2* Sp Xp ONO 3 1 Ann? SpXp | 


The proof consists in showing that the whole expansion is equal to 
the portion in question multiplied by a series of which the first 
term is 1 and all the others are free of 5,21, 5:%,.... The second 
theorem (pp. 133-138) concerns determinants like Horner’s (1865), 
whose elements are ‘ inversely-axisymmetric,’ and is to the effect 
that any such determinant is transformable into one of the same kind 
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in which all the elements of the two minor diagonals adjacent to the 
main diagonal are 1. This depends on the fact that a determinant 
is not altered in substance nor its diagonal even in form if a row 
be multiplied and the corresponding column divided by the same 
quantity ; for example, if we want the element a,, and its con- 
jugate in 


1 G2 G13 Gy 
1 
part ks aa Aoq | 
Qy2 
il 1 

— 1 ayy 
G13 Aes 
] I 1 
Sa SS Il 
Ajq Ang gy 


to be replaced by units without disturbing the present diagonal, 
we multiply the 3"™ row and divide the third column by a,3;._ The 
n-line inversely-axisymmetric determinant is thus seen to be ex- 
pressible as a function of $(m—1)(n—2) variables.* 


SCHUMACHER, J. (1894). 


[Ueber Determinanten. Sch.-Festschrift, pp. 55-75. Neustadt. 
a. Haardt.] 


There is here broached the subject of determinants whose rows 
are all of them permutations of the same set of quantities. Taking, 
for example, the six permutations of a, 6, c, and examining the 
twenty determinants formable by segregating three of the six, he 
ascertains that there is only one distinct type in addition to the 
circulant. When the set of quantities is a,, a, ..., a, and n> 3, 
he instances two types beside the circulant, namely, (1) where the 
k™ row is got from the first by interchanging a, and a,, (2) where 
the k'" row is got from the first by passing a, over those preceding 
it to occupy the first place. The values in these two cases are 
respectively 

Xa « (4; —Ay) (4, —a3) . . . (a; —a,), 
Za - (Ay —Ag) (g—As) « « « (n_y —Gn), 
the former having been previously noted (see above, p. 475). 


* Opportunity may be taken here to note that a very special determinant of 
this form is evaluated by A. Hirsch in Math. Annalen, lii. (1899) p. 151. 
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To the circulant * and certain applications of it a special section 
is given (pp. 66-74). 


MUSSO, G. (1894). 


[Sulle permutazioni relative ad una data. Rivista di Mat., iv. 
pp. 109-119. ] 


Merely touches on the question of the number of terms in a 
zero-axial determinant. 


TUCKER, R. (1894, 1895): CRAWFORD, G. E. (1895). 
[Questions 12394, 12828. Hduc. Times, xlvu. p. 273, xlviii. p. 304 ; 
or Math. from Educ. Times, \xiil. pp. 83-84.] 

[Question 12684. Educ. Times, xlviu. p. 160; or Math. from Educ. 
Times, lxiv. p. 38.] 
The results are : 


cos A—cos 2A cos(B—C) 2 cos? A cos B 2 cos? A cos C 
2 cos? B cos A cos B—cos 2B cos (C—A) 2 cos? B cos C 
2 cos?C cos A 2 cos?C cos B cos C—cos 2C cos (A—B) 


— 2cosAcos BcecosC. sin 2A sin 2B sin 20. 


| deta ; : aet+d ad 

de—b ‘ be—d_ bd 
| ce+b be-+e ; he 
| ce—a 3 ae—c : ae 
al: il I 1 


= (1) (a+b) (cd) {ed (a+b) —ab(c+d)}. 
The latter we may profitably view in another form as the second 
of a set of three, the first of which is 
ax +dy s : dx+ay 


Ps a Lae ae PIN (ORE (abcd), 
bat+ey ca+by 


ax—cy : cx —ay 


* Note should have been taken of this in Chap. XVI. above, p. 378. 
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the second arising from the first by bordering symmetrically with 
1, 1, 1, 1, 0, and the third being got from the first two by addition. 


BOOTH, W. (1895). 
[Question 12952. Educ. Times, xlviu. p. 483.] 


The interesting theorem here given concerns a quaternary quadric 
and its discriminant. It is that if 


Q = az + by? + ce + dw + 2hay + 2gxz + 2law 
+ 2fyz + 2myw + 2nzw, 
L = }0Q/ox, M = 30Q/ay, N = 40Q/ez, 
then 
aQ—L? AQ-LM gQ—LN - : : 
hQ—LM bQ—M? fQ—MN| = Q2u?| hist 
'gQ—-LN fQ—MN cQ—N? i a ola 


hb mind). 


In default of a proof we suggest, as a starting point, bordering with 
Dt Ne 
EN ate MUR SONNE AU ail. 

for a last row and column ; also, expanding in terms of determinants 


with monomial elements. Both lead to pleasing bits of trans- 
formation. 


CAPELLI, A. (1895): CAZZANIGA, T. (1896). 


[Sur les déterminants dont les éléments principaux varient en 
progression arithmétique. Nouv. Annales de Math., (3) xiv. 
pp. 62-63.] 

[Sopra 1 determinanti di cui gli elementi principali variano in pro- 
gressione aritmetica. Rendic. ... Ist. Lombardo (Milano), (2) 
xxix. pp. 541-558.] 

The subject of both papers here is an extension of Capelli’s result 
of 1889, the new statement being got from the old by changing 

1, 2,..., »—1 into y, 2y, ..., (n—l)y; for example, 


a 
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a+¢% a, ds 


b,  by+a+y bs = x(a+-y) (x +2y) 
Cy B C3 +a-+2y + a (a+-y) (a, +6.+¢s) 


a a a a lx, © 
| 1 2 1 3 | 2 3 } 
b, b,+y Cy CgtYy = Co Cst+Yy 
+ | a As As 
b, be+y bs 


: Cy Co  Cgt2y}. 

The first paper contains little more than a mere enunciation and 
a call for proof; the second takes almost the form of an answer to 
the first. The proof given, however, is lengthy, the mode of it 
being the gradational. 


NIELSEN, N. (1896): VALENTINER, H. (1898). 
[En Determinantenformel. Nyt Tidsskrift for Mat., B. vil. pp. 
59-62 ; B. ix., pp. 15-16.] 

The result here obtained is, after a slight correction, that the 

determinant having (ra—s)- for its (7, s)"" element is equal to 
(—a)#@-D, {]n-1Qn-23n-8 |, (n—1)1}? + P, 

where P stands for the product of the denominators of all the 
elements, that is to say, for (a—1).(a—2) .. . (2a—1) .. . (na—n). 
The determinant may be viewed as a case of Cauchy’s double 
alternant. 


GRANTE, ©. (1896). 
[Question 742. L’Intermédiaire des Math., ii. pp. 33, 191.] 


The vague request being made to form a determinant with its 
(r, 7) elements equal to 1 and (r, s)*" elements equal to h, —h, +1, 
there is supplied a determinant whose first row and first column are 


tG.0 eee fond ob 2 — dep. ates, 


and whose every other element in the (r, s)" place is 1 less than the 
sum of the elements in the places (7, 1), (1, s). 

It is not noted, however, that the latter determinant vanishes for 
all orders above the second. 


¢ 
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BRAND, E. (1896). 


[Une propriété des mineurs des déterminants nuls. Journ. de Math. 
Spéc., (4) v. pp. 104-106. ] 

This is a faulty paper as regards printing or reasoning or both. 
It is professedly based on the theorem regarding any minor of the 
m™ compound of | a,, | (Hist., ui. p. 177), the case considered being 
that where | a,,| =0. It may be noted that the vanishing axi- 
symmetric determinant with arithmetical elements which the author 
brings forward to illustrate and support one of his results serves 
more effectively the opposite purpose. 


JOLY, ©. I. (1896). 


[Quaternion invariants of linear vector functions, and quaternion 
determinants. Proceed. R. Irish Acad., (3) iv. pp. 1-15.] 

To quaternion determinants, as an auxiliary subject, Joly devotes 
a couple of pages at the outset. As is natural, the same convention 
is adopted as by Spottiswoode in his paper of 1876 on determinants 
of ‘alternate numbers,’ namely, that the elements forming a term 
must be taken in the order of the rows, the sign being left to be 
determined by the order of the columns. In consequence such a 
determinant must vanish when two columns are identical, and need 
not when two rows are identical. Similarly, a determinant is not 
altered when one column is increased by a multiple of another, but 
the same does not hold in the case of rows. Next, it is noted that 
the ordinary rule of multiplication is restricted in its application 
to the product of a quaternion determinant by a scalar determinant. 
A paragraph is then devoted to determinants having all their rows 
identical, another to the geometry connected with vanishing deter- 
minants, and after that the main subject of the paper is entered on. 


WELSCH, _ . (1896): MONTESSUS, R. DE (1896, 1899). 
[Déterminants & terme général de la forme h, —h, +1 (i,j =1, ..., n). 
L’Intermédiaire des Math., iii. p. 191.] 

[Questions 906, 935, 1445. L’Intermédiaire des Math., iii. p. 201, 
p. 248; vi. pp. 28, 257-258.] 

It is not noted that the determinant specified vanishes for all 
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orders above the second, as the operation row,—row,, row;—row, 
at once shows; it may also be effectively viewed as a product 
(see above p. 132). The three questions referred to lead to nothing 
of any consequence. 


CARO, R. (1897): A. C. (1897): 

D’AVILLEZ, J. F. (1897): LAISANT, C. A. (1898). 
[Determinante de (a+b)™. Archivo de Mat., ii. pp. 68-70.] 
[Question 1125. Mathesis, (2) vii. p. 150; viii. pp. 144-145.] 
[Sobre algunas applicagdnes dos determinantes 4 geometria do 

triangulo. Jorn. de Sci. mat., phys., e nat. (Lisboa), (2) v. pp. 
14-42. ] 

[Déterminant de quatre points d’un plan par rapport a un cinquiéme 
point. Jorn. de Scr. mat., phys., e nat. (Lisboa), (2) v. pp. 
205-206. ] 

In the second of these the result involved is perhaps best put in 
the form 
xy(x—a) —y(x-+a) eta 
y+b —-yz(y—b) — —2(y +8) 
| —x(z+e) ze za (z2—c) 
= (xyz—1)[ay%2?—(P —Q—2) ayz—(P+Q+)] 
— (abe—1) (a?y?z*-+-4ayz—1), 
where P, Q stand for ayz + bzw + cxy, bex + cay + abz respectively. 


PINCHERLE, 8. (1897). 
[Mémoire sur le calcul fonctionnel distributif. Math. Annalen, 
xlix. pp. 325-381.] 

The special determinant which occurs here (in addition to the 
wronskian) is only new in appearance. In fact, by reversing the 
order of the columns, and dividing them in their new order by 
1!, 2!, 3!, ... respectively, we obtain 

| (mo: (+1)1-(m+2)e-...) = 1, 
the opening result of Chapter XX. of our third volume (pp. 
447-448). 
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MUIR, T. (1897). 


[The automorphic linear transformation of a quadric. Transac. R. 
Soc. Edinburgh, xxxix. pp. 209-230.] 
The peculiar determinant 
Gy hy gy a | 
h-v b f+ar .... | 
7 ian) An 2G | 
which had already appeared in a geometrical article * of Salmon’s, 
takes a prominent place in the very different kind of discussion 
which we have now reached. It may be defined as the determinant 
whose matrix is the sum of an axisymmetric matrix and a zero- 
axial skew matrix. By reason of its importance considerable space 
(pp. 220-230) is given to the examination of it. The first noteworthy 
point connected with the development is that the terms of it are 
always of an even degree in the elements of the skew matrix ; from 
which it follows of course that they are of an even or odd degree 
in the elements of the axisymmetric matrix according as the given 
determinant is even or odd-ordered. The next point is that the 
expression of the development is in terms of minors of the axisym- 
metric matrix and minors of the Pfaffian of the skew matrix, the 
word minor being used in the extended sense, that is to say, so as to 
include on the one extreme the elements, and on the other the deter- 
minant itself. In the third place, space being limited, the umbral 
notation is almost a necessity ; and, this being so, as well as for the 
sake of explanation, it is best to give an example in two notations: 
a@ h+tv g—p r+r | 

h—y b S+A q-—o 
Ti Of Ae er DED 

fT {ho IP p tack 


lon / one 
ahgr a ag : : the 
Ye h b ig q hb a . . . ° 5 p iA wy 
(Aloe te. caer ah ere 
rg p gf a vs 


* Geometry of Three Dimensions (1882), § 80 c, or 5th edit. (1912), § 80 e, pp. 70-72. 
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me i le2.3%4 | 34| || 24] ! 23] 114] ' 13] '}12| 
= li 23 “| 12) 113 Santelli | 
(oe a Shes | 34 | 
13 
(ot eee. Oe ese 
The development in the next case is 
12345 
12345 
2 TEE eo eae 
123] | 123 ue 1) 45 | 
123| |124| °** |345 
124 
oh 8 eee ee orate 
Hos sete 315 tae ae 
i Bas Pine lice 23 
1 Fl = odeton 
2 
fi Hep erie, | 1345 | 


which ought to make the general law clear, the square arrays being 
recognized as compound arrays of the given axisymmetric array. 
It must suffice merely to add that the development of the primary 
minors of the given determinant is also gone into (§ 12), that the 
-adjugate is shown to be of the same type as the original, and that 
sources of fresh identities are pointed out (§ 13). 


STUDNICKA, F. J. (1897). 
[Neuer Beitrag... Sitzwngsb.... Ges. d. Wuss. (Prag), no. 16, 
16 pp.] 
In the section (pp. 8-12) not occupied with alternants the main 
result is the equality of two special persymmetric determinants 


(ys WOR (De coe = (n+m—k) mr (n+m—-k-V)m-x 
(Dye (Oy (By. oa - (n+tm—-k+1)m-K-+2 (n+ =k) R41 
(n)epo (Retr (2) ..- (n+ m—k+2)m—r¢3 (n+m-Kk+1)m-npo «+6 


m-k+1 
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Essentially, however, it is a rediscovery, being a variant of Zeipel’s 
condensation-theorem of 1865,*—that is to say, his theorem asserting 
the equality of an (r+1)-line and a p-line determinant. 


MUIR, T. (1898). 


[The relations between the coaxial minors of a determinant of the 
fourth order. Transac. R. Soc. Edinburgh, xxxix. pp. 323-339.] 


‘The second part of this paper (§§ 7-11) deals with the determinant 


dl cq br agrl +2bcd | 
cp dm ar brpm+2cda | 
bp aq dn cpgn+2dab |’ 
al bm cn adlmn-+2abe 


or W say, 


seen to be a function of a, b, c, d, 1, m, n, p, g, 7, and to be separable 
into two determinants, U and V say. The curious result estab- 
lished is that all three determinants are resolvable into factors. In 
the case of W and U this is done by showing that they can be made 
to take the form of the determinant known to be resolvable into 


(2+y+z2+w) (x—y—z+w) (w@—y+2—w) (e+y—2z—w) ; 


in fact, if this product be temporarily denoted by ®(z, y, x, w), 
then 


W (dlmn—abe, cnpu, bmrr, aluy), 


iF, Pm 2y2 


* The facts regarding Zeipel’s determinant 


| (m)p(m+1)p4i + +. (M+T)p4r | 


are perhaps best put as follows: There are at least four forms of it of the (r +1) 
order (Hist., iii. pp. 448-451), which for the moment we may call A,, A,, Ag, Aq. 
Then his condensation-theorem gives a form of the p‘* order, and this being similar 
to A, in type, we have a set B,, B,, Bg, B, all of the p order. Consequently 
there are sixteen ways of writing the condensation-theorem. What Studnitka 
arrives at is A, = By. 

For the case m, p, r = 5, 2, 2 (or n, k, m = 5, 2, 4) we have already printed 
A,, Ap, Aj, B,: the remaining equivalents are 


77) 8, «9 
6, 7, . Osn6, O56) Ch ke 
5, 6, 7,|, (7 Tah [8 Sl, 17s 8 
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where 


Se ee lel c 
a aac pl( ah) gn(1 Sah ra(1 -—): 
and U = &(dVimn, c/npq, b/mrp, av/iqr). 


In the case of V the procedure is different, the last column being 
readily transformable into a column of units, and leads to 


V = 2(caqg—dbm) (abr—cdn) (bep —adl). 


SCARPIS, U. (1898). 


[Sui determinanti di valore massimo. Rendic.... Istituto Lom- 
bardo, (2) xxxi. pp. 1441-1446.] 

Putting the last specialized result of Hadamard’s paper of 1893 
in the self-evident form,—An n-line determinant whose elements are 
1 or —1 will have the value un” 1f the product of any row by any other 
row vanishes,—Scarpis in his search for such determinants arrives 
at the theorem that if there be one of order q and q—1 be a prime, 
then there exists an infinity of others of the order q(q—1) 2%. As an 
example he takes the case where q is 4, and shows how to form the 
determinant of the 12" order. 

The essential identity of the latter with Hadamard’s might have 
been noted. As a matter of fact, if the transposition 


LP, SPAN 576 MTB OOM10 TP 12 
Goa eae oP ai 


be made in the order of the columns, and 


1 Oe 84d GE St 9 F1OS11 12 
Cee rceisuee) Ls 


in the order of the rows, the result is Hadamard’s form. 


METZLER, W. H. (1899). 


{On a determinant each of whose elements is the product of & factors. 
American Math. Monthly, vii. pp. 151-153.) 


Taking an equality from Muir’s text-book (p. 117), Metzler tirst 
generalizes by obtaining in similar fashion the product of a deter- 
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minants of the 6" order by 8 determinants of the a‘ order ; for 
example, 

AP, a,Q, aR, aX, ag¥, aL, 
BP, 6,Q; bRy b,X, b,Y, 02%, 
C3P, CgQ. CgRy CyX_ Yo CyLe 
UgbeaGa em Geivataless met \aanihet. 
GsPs sQ3 egRa egXs Ces CeLs 
TPs FsQs ARs SeXs SeYs SeZz 


Ga ae 4 Ee Pe eee 
bs 5b. a Bee Vee (59; 
ee Rewer Ry tee 
oy dferde Pl 4 Sak, SON 
Cs 6 Sk ane V3 al Ns 
ete Sb Z, oied 4Z5hie 24, 


= — |ayb2| - | csdq| - |esfe|- | PiQoRs| - | X:¥2Z; |. 

He then takes y determinants of the newly found type, and a8 
determinants of the y" order, and, constructing therewith two deter- 
minants as before, performs multiplication, the result being a deter- 
minant of the (a@y)™ order with trifactorial elements and equal to 
the product of By determinants of the a order, ya determinants 
of the 6 order, and a@ determinants of the y order. Imagining 
this process to be continued until a determinant is reached with 
elements that are the product of & factors, he courageously sets 
about formulating the result. 

It has to be recalled that the proof, given by Sterneck in 1895 
(see above, p. 62), of Zehfuss’ theorem proceeds on the same lines 
as this; and that, indeed, Metzler here effects a generalization of 
Zehfuss’ theorem as well as of the simple equality given by Muir. 


PEIRCE, J. M. (1899). 


[Determinants of quaternions. Bull. American Math. Soc., v. 
pp. 335-338. ] 

As this must have been written without knowledge of Joly’s paper 
of 1896, there is naturally considerable repetition in connection with 
the elementary theorems. A fairly large share of space is devoted 
to determinants having all their rows identical. 
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STUDNICKA, F. J. (1899). 


[O souétov¥ch determinantech vfbec a figurovanyfch zvlast, 
Vv 
Rozpravy Ceské Akad., (2) ix. no. 4, 8 pp.] 
The determinant here called ‘ summatory ’—and in a special case 
‘ figurate ’"—is a rediscovery (see Hist., iii. pp. 102-3, 493). Some 


simple results are given regarding the so-called ‘ figurate,’ in which 
the (7, s)"" element is the combinatory number (r-+s—2),_,. 


STUDNICKA, F. J. (1899). 
[Nové dopliky nauky determinantni jako% i upot¥ebenti jejiho. 
Vv 
Véstntk Ceské Akad...., viii. pp. 59-67, 197-208.] 
The last and the longest part (pp. 201-208) of this clearly written 
paper concerns Hermite’s determinants with complex elements. It 
is unfortunate, however, that the author views them as being for 


the first time introduced to notice: there is consequently little or 
nothing to be recorded. 
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ALGEBRAIC THEORIES 
by L. E. Dickson 


The student or teacher desiring a thorough introduction to classical topics in higher 
algebra will find this perhaps the best available work. It provides an excellent intro- 
duction to advanced books on each of its individual topics. 


“Algebraic Theories” develops theories centering around matrices, invariants, and 
groups, which are among the most important concepts in mathematics. All important 
theories are studied with rigorous, detailed proofs. This volume provides courses in 
higher algebra, the Galois theory of algebraic equations, finite linear groups, including 
Klein's “icosahedron” and theory of equations of the fifth degree, and algebraic 
invariants. Higher algebra is fully treated, including matrices, linear transformations, 
elementary divisors and invariant factors, and quadratic, bilinear, and Hermitian forms, 
whether taken singly or in pairs. The results are classical with due attention given to 
questions of rationality. Elementary divisors and invariant factors are introduced in a 
simple, natural’ way in connection with the classical form, and a rational, canonical 
form of linear transformations. These topics are developed more lucidly than usual, and 
in close connection with their most frequent mathematical applications. 


Chapter titles: Introduction to Algebraic Invariants; Further Theory of Covariants of 
Binary Forms; Matrices, Bilinear Forms, Linear Equations; Quadratic and Hermitian Forms, 
Symmetric and Hermitian Bilinear Forms; Theory of Linear Transformations, Invariant 
Factors, Elementary Divisors; Pairs of Bilinear, Quadratic, and Hermitian Forms; First 
Principles of Groups of Substitutions; Fields, Reducible, Irreducible Functions; Group 
of an Equation for a Given Field; Equations Solvable by Radicals; Constructions with 
Ruler and Compasses; Reduction of Equations to Normal Forms; Groups of Regular 
Solids; Quintic Equations; Representations of a Finite Group as a Linear Group; Group 
Characters. 


Formerly “Modern Algebraic Theories.” 155 problems in text and at chapter ends. 
Bibliography. Author, subject indexes. Ix + 276pp. 5% x 8. $547 Paperbound $1.50 


ADVANCED CALCULUS 
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It is a tribute to Edwin Wilson’s judgment and industry that, in spite 
of newer books in the field, most educators still regard ‘‘Advanced 
Calculus’? as one of the most comprehensive and useful texts in its 
subject. It contains an immense amount of material, all of which is 
fundamental and well-presented. It can be used by students with the 
equivalent of only one year’s study of calculus, and many chapters, 
such as the chapters on vector functions, ordinary differential equa- 
tions, special functions, the calculus of variations, elliptic functions, 
and partial differential equations are excellent as introductions to 
these various branches of higher mathematics. 


Throughout, a due level of mathematical rigor is maintained; but the 
book is also expressly designed as a text or reference for physicists, 
engineers, and others who need a sound working knowledge of 
advanced calculus. More than 1300 separately numbered exercises 
(hundreds of them are multiple-part exercises) are included in small 
groups placed in juxtapositicn to the sections in the text to which they 
are related. This vast number of exercises is intended not only to 
facilitate the reader's ability to handle the mathematical tools of 
advanced calculus, but to give him abundant and varied practice in 
the use of these tools on the types of problems to which advanced 
calculus is applicable. 
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of Fundamental Theory. Part |: Differential Calculus: Taylor’s Formula 
and Allied Topics; Partial Differentiation—Explicit Functions; Partial 
Differentiation—Implicit Functions; Complex Numbers and Vectors. Part 
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of Ordinary Equations; Differential Equations in More than Two Vari- 
ables. Part Ill: Integral Calculus: On Simple Integrals; On Multiple 
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The Calculus of Variations. Part IV: Theory of Functions: Infinite Series; 
Special Infinite Developments; Functions of a Complex Variable; Elliptic 
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